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Introduction 


There  has  been  recent  recognition  of  an  increased  risk  posed  by  the  use  of  weapons  of 
biological  warfare  and  bioterrorism.  By  enhancing  our  ability  to  respond  by  rapidly  identifying 
exposed  populations  and  through  the  triaging  of  high-risk  individuals,  we  can  overcome  both 
deliberate  and  naturally  occurring  pathogen  releases.  Restricting  distribution  to  exposed  and 
susceptible  individuals  can  also  alleviate  shortfalls  in  therapeutic  products  (when  they  exist). 
The  rapid  testing  methods  we  propose  here  have  as  their  long-term  objective  the  detection  and 
identification  of  individuals  who  have  been  exposed  to  any  one  of  a  number  of  biological  agents 
and  who  are  at  the  greatest  risk  of  succumbing  from  this  exposure.  We  hypothesize  that  specific 
gene  and  protein  expression  patterns  exist  for  cells  exposed  to  particular  viruses  and  bacteria 
and  that  these  “signatures”  can  be  used  as  diagnostic  tools.  To  test  this  we  have  been 
establishing  gene  expression  and  protein  modification  signatures  of  cells  exposed  to  different 
important  viruses  and  bacteria  that  serve  as  surrogates  for  highly  pathogenic  agents.  The 
foundation  of  this  work  has  been  the  assembly  and  production  of  microarrays  of  large  numbers 
of  sequence-verified  human  and  mouse  cDNA  probes.  For  pathogens  in  which  cell  culture 
models  exist,  RNA  is  isolated  from  virus-  and  bacteria-infected  cells.  In  addition,  we  have  been 
obtaining  RNA  from  vaccinated  humans,  infected  primary  human  cells  and  mouse  models. 
RNA  isolated  from  mammalian  cells  is  converted  to  dye-labeled  complementary  DNA  or  RNA 
and  the  labeled  nucleic  acids  are  used  to  probe  cDNA  microarrays  representing  selected  human 
genes  implicated  in  host  responses  to  infection.  Viral-  and  bacterial-specific  signature  profiles 
are  obtained  in  this  way.  Once  specific  signatures  have  been  established  that  can  discriminate 
amongst  infectious  agents,  a  composite  virus-  and  bacteria-induced  gene  microarray  could  be 
envisaged  that  would  be  a  prototype  for  eventual  development  of  a  product  to  be  used  in  the 
field  for  rapid  detection  of  biological  agent  exposure  (“lab  on  a  chip”  concept).  Finally,  we 
have  worked  to  assess  the  feasibility  and  practicality  of  using  large-scale  sampling  of  airway 
epithelium  to  test  for  biological  agent  exposure.  The  proposed  work  will  result  in  technology 
capable  of  determining  if  individuals  have  been  exposed  to  a  life-threatening  virus  or  bacteria 
and  will  identify  the  particular  infectious  agent  by  virtue  of  the  signature  transcripts  or  protein 
modifications  induced  in  the  cells.  Furthermore,  signal  transduction  pathways  activated  by 
infection  of  human  cells  by  pathogenic  bacterial  and  viral  agents  are  being  identified  and  single 
chain  antibodies  targeting  specific  signaling  components  are  being  generated.  In  addition  to 
improving  our  understanding  of  the  molecular  mechanisms  involved  in  the  pathogenesis  of 
these  agents,  this  work  may  reveal  new  therapeutic  targets. 
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Joseph  A.  DiDonato 
Serpil  C.  Erzurum 
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Body 

Hypothesis 

Our  hypothesis  is  that  human  cells  respond  to  infectious  insults  to  a  genetically 
predetermined  extent  by  stimulating  the  expression  of  sets  of  genes  and  activating  signaling 
pathways  that  provide  a  specific  signature  for  a  given  agent.  We  will  ask  the  question  whether 
different  agents  implicated  in  bioterriorism  and  biological  warefare  or  as  emerging  infectious 
entities  induce  specific  cellular  RNAs  in  infected  human  cells.  This  will  be  achieved  by  screening 
RNA  from  infected  cells  using  probes  selected  from  those  for  more  than  60,000  human  genes  that 
we  have  in  our  collection.  We  will  also  identify  components  of  signaling  pathways  activated  in 
human  cells  by  these  agents.  This  will  be  done  using  biochemical  assays  with  components  specific 
to  distinct  signaling  pathways.  The  specific  transcripts  identified  and  represented  by  cDNA  and 
antibodies  to  relevent  signaling  components  will  be  assembled  as  microarrays  and  used  in 
simulated  experiments  with  human  respiratory  epithelial  cells  to  test  the  feasibility  of  developing 
rapid  screening  methods  for  exposed  populations. 


D3.  Technical  Objectives:  Assembly  and  testing  of  prototype  sentinel  cDNA  and  protein 
microarravs  for  detecting  signatures  of  biological  agents. 

D3A.  Generation  of  agent-specific  gene  expression  profiles  for  a  select  group  of  virological 
and  bacterial  agents  involved  in  bioterrorism. 

Because  of  restrictions  placed  on  access  to  and  transport  of  select  groups  of  biological 
agents,  our  work  has  focused  on  surrogate  agents  as  outlined  in  our  annual  progress  reports.  In 
particular,  we  have  concentrated  on  viruses  that  infect  the  respiratory  tract.  The  viruses  selected 
include  Vaccinia  Virus,  a  surrogate  for  small  pox,  and  Influenza  and  Parainfluenza  Viruses, 
because  of  their  importance  for  public  health  and  as  potential  agents  of  bioterrorism.  These 
agents  are  approved  for  use  in  our  BSL  certified  laboratories  and  can  be  modeled  in  mice. 
Importantly,  during  the  course  of  this  work,  immunization  programs  with  vaccinia  were 
implemented  and  offered  the  opportunity  to  obtain  specimens  from  vaccinated  individuals  that 
were  used  to  test  our  arrays  and  expand  the  numbers  of  genes  identified  as  potential  sentinels. 

1)  Vaccinia  Virus. 

a.  Gene  expression  changes  in  Vaccinia  Virus-infected  mice. 

Studies  were  performed  using  the  poxvirus,  vaccinia  virus  (WR  strain,  a  gift  from  R. 
Condit,  University  of  Florida),  as  a  surrogate  smallpox  virus.  C57  BL6  mice  were  infected 
intranasally  with  vaccinia  virus  and  brain  RNA  was  extracted  at  3  days  post-infection. 
Expression  levels  of  over  15  thousand  genes  were  measured  relative  to  levels  in  brain  RNA 
from  uninfected  control  animals  using  a  cDNA  microarray  that  we  constructed  from  the 
National  Institute  of  Aging  15K  mouse  cDNA  probe  collection  (Tanaka  et.al.,  2000). 

In  a  typical  experiment,  a  total  of  92  genes  exhibited  a  3  fold  or  greater  level  of 
induction  in  infected  brain  whilst  9  genes  were  repressed  2  or  more  fold.  This  data  was 
described  in  detail  in  our  December  2002  progress  report.  Included  in  the  upregulated  class  are 
Hsp86  and  15  mitochondrial  genes.  Only  35  genes  were  induced  to  a  level  above  5  fold.  In 
addition  to  Hsp86,  this  set  of  highly  upregulated  genes  encodes  a  number  of  proteins  not 
previously  linked  with  disease,  such  as  the  carbonic  anhydrase  related  polypeptide  (>30  fold 
induced)  and  erythroid  differentiation  regulator  (12  fold  induced).  These  genes  could  represent 
specific  markers  of  vaccinia  infection,  and  of  other  poxvirus  infections. 
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It  is  imperative  that  inherent  differences  between  different  suppliers  (JAX  vs  Taconic), 
sex,  age  and  weight  of  the  mice  be  carefully  evaluated  to  minimize  these  variables  in  the 
pathogenesis  models.  We  have  carefully  examined  the  effects  of  sex  and  weight  of 
commercially  available  mice  in  Vaccinia  Virus  (VV)  lung  (intratracheal)  infections.  Parameters 
of  disease  including  changes  in  body  temperature,  weight  and  respiration,  other  clinical 
symptoms  and  lethality  have  been  mapped  as  a  function  of  VV  dose  administered.  Initially, 
significant  weight-dependent  differences  in  susceptibility  of  same-age  mice  were  noted. 
However,  we  have  shown  that  any  inherent  weight  dependent  responses  seen  between  the  sexes 
can  be  negated  with  feeding  alternative  diets  resulting  in  a  sex  independent  weight  average  at 
the  time  of  VV  infection.  More  importantly,  we  have  determined  that  when  animals  are  of 
similar  weight,  no  differences  in  response  to  the  virus  between  males  and  females  are  observed. 

Currently  we  have  RNaseL,  PKR,  and  RNaseL/PKR  knockout  and  wild  type  mice 
breeding  colonies  producing  mice  for  VV  infection  experiments.  The  breeding  colony  wild  type 
mice  have  demonstrated  no  difference  in  susceptibility  to  VV  infection  or  course  of  disease  seen 
in  the  commercially  available  mice.  However,  some  of  these  engineered  mice  strains  were 
derived  on  B6  mice  from  JAX  labs  and  others  from  Taconic  B6  mice.  To  examine  the  extent  in 
which  background  of  the  mice  being  bred  would  affect  susceptibility  to  VV  infection,  two 
commercial  suppliers  of  wild  type  mice  have  been  examined  and,  fortunately,  no  differences  in 
the  course  or  susceptibility  to  VV  have  been  observed. 

We  have  now  established  conditions  that  allow  us  to  perform  meaningful  experiments 
with  minimum  or  irrelevant  variables.  As  an  extension  of  the  susceptibility  studies  in  these 
mouse  strains  microarray-based  gene  expression  analyses  are  also  currently  underway. 
Preliminary  results  from  the  microarray  studies  performed  on  lung  tissue  taken  at  death  have 
shown  results  similar  to  those  seen  in  microarray  analyses  of  poxvirus  infected  tissue  culture 
cells.  A  survey  of  time  points  of  5  and  9  days  post  VV  infection  show  no  significant  differences 
to  that  of  the  control  animals  which  would  be  expected  of  wild  type  virus  that  is  known  to 
control  the  host  immune  response  efficiently. 

b.  Gene  expression  changes  in  humans  exposed  to  Vaccinia  Virus  through 
vaccination. 

Vaccinia  as  a  vaccine  agent  provides  approximately  95%  cross-reactive  protection 
against  clinical  disease  from  variola  (smallpox).  Yet,  as  a  live  virus  vaccine,  vaccinia  can 
multiply  in  susceptible  hosts,  resulting  in  clinical  disease  or,  rarely,  death.  Vaccinia  retains  its 
significant  efficacy  in  preventing  smallpox  even  when  given  3-4  days  post-exposure  (Breman 
and  Henderson,  2002).  Unfortunately,  vaccinia  is  also  the  most  toxic  vaccine  routinely  used 
during  the  last  century  with  significant  side  effects  that  can  be  local  (98%),  systemic  (20-30%), 
or  occassionally  lethal  (1/million).  (Bartlett,  2003).  These  rates  of  known  side  effects  are 
among  normal  hosts.  Particular  concern  exists  with  effective  immunosuppressive  treatments 
and  solid  organ  and  bone  marrow  transplantation  which  results  in  a  larger  cohort  of  persons  at 
increased  risk  for  frequency  and  severity  of  side  effects.  Some  areas  of  cryptic 
immunodeficiency  may  also  be  identifiable  through  screening.  While  certain  individuals  may 
progress  to  severe  disease  because  of  HIV  status  (approximately  one-third  of  the  estimated 
900,000  people  in  the  United  States  with  HIV  infection  are  unaware  of  their  status) 
immunosuppressive  medication  or  pregnancy,  more  specific  reasons  for  why  certain  individuals 
progress  to  severe  disease  are  unknown.  Of  additional  serious  concern  is  that  twelve  of  the 
sixty-eight  deaths  reported  the  1960s  occurred  in  unvaccinated  persons  exposed  to  recently 
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vaccinated  friends  or  family  members  (Sepkowitz,  2003).  Since  our  work  in  mice  identified  a 
number  of  vaccinia-induced  genes  that  could  serve  as  sentinels  of  infection  we  took  advantage 
of  a  vaccination  program  in  the  health  care  setting  established  nationwide  as  part  of  the 
biodefense  efforts  to  measure  responses  of  healthy  volunteers  using  our  interferon,  dsRNA  and 
stress  activated  human  gene  array.  As  described  in  our  December  2002  progress  report,  this 
microarray  (termed  IAD)  comprises  approximately  850  known  human  interferon  stimulated 
genes  (ISGs),  1500  human  genes  containing  adenylate-uridylate-rich  elements  (AREs)  and  300 
human  genes  responsive  to  treatment  with  the  viral  analogue  dsRNA. 

Participants  were  in  one  of  three  groups:  A:  Pre  and  24  hour  post  testing  (n=8);  B:  Pre 
and  24  hour  testing,  with  additional  samples  at  2,  5,  7,  and  14  days  post  vaccination  (n=4);  or  C: 
Testing  at  the  time  of  a  serious  adverse  event  after  vaccination  (n=l,  generalized  vaccinia). 
Participants  served  as  their  own  control,  except  for  Group  C  where  enrollment  occurred  only 
after  onset  of  the  adverse  event.  Isolated  and  amplified  whole  blood  RNA  was  subjected  to 
cDNA  microarray  testing. 

The  comparison  of  pre-vaccination  and  1  day  post-vaccination  samples  revealed  that  the 
transcriptional  response  was  highly  variable  between  different  patients.  As  shown  in  our 
February  2004  progress  report.  71  genes  exhibited  a  minimum  of  1.8-fold  up-regulation  at  24 
hours  post-vaccination,  but  these  varied  among  individuals.  We  conclude  from  these 
preliminary  studies  that  immune  activation  can  be  detected  in  whole  blood  RNA  following  live 
orthopox  virus  infection  using  gene  expression  arrays  and  that  these  early  immune  signatures  for 
orthopox  virus  infection  may  assist  with  identification,  containment  and  treatment  decisions. 
Importantly,  significant  differences  in  gene  expression  profiles  were  noted  in  an  individual 
suffering  an  adverse  event  indicating  the  utility  of  the  arrays  in  following  the  outcome  of 
vaccination. 


c.  Gene  expression  changes  in  primary  and  transformed  human  cell  lines  infected 
with  Vaccinia  Virus. 

We  also  studied  gene  expression  profiles  in  human  lung  cell  lines  and  primary  cells 
infected  with  vaccina  virus  (W,  Western  Reserve  (WR)  strain,  a  gift  from  R.  Condit, 
Gainesville,  FL).  Conditions  for  virus  growth,  infection,  and  plaque  titration  were  as  described 
(Condit  et  al.,  1983).  Both  BEAS2B  and  BET1A  cells,  human  bronchial  epithelial  cell  lines 
transformed  by  adenovirus  12-SV40  virus  and  SV40  T-antigen  respectively  (Reddel,  et  al.  1988), 
and  primary  human  airway  epithelial  cells  (HAEC),  399  and  585,  were  studied.  Primary  HAEC 
were  grown  on  collagen-coated  dishes  in  specialized  serum-free  media  (Clonetics).  As 
described  in  section  D3L-M  1.  (“Clinical  Samples”)  below.  Dr.  Erzurum  has  shown  that  cell 
cultures  of  HAEC  lead  to  pure  epithelial  monolayer  cultures.  Cells  were  infected  with  vaccinia 
virus  at  a  multiplicity  of  infection  (MOI)  of  10  plaque  forming  units  (pfu)  per  cell  in  phosphate 
buffered  saline  (PBS).  After  30  min,  the  cells  were  washed  once  with  PBS  and  complete 
medium  containing  serum  was  added.  Separate  cultures  of  virus-infected  cells  were  processed 
for  either  virus  recovery  or  total  RNA  isolation  a  4,  8,  24  and  48  hours  post-infection.  Total 
RNA  was  isolated  using  Trizol  reagent  (Invitrogen).  Viral  yields  were  determined  by  plaque 
assays  on  BSC40  monkey  kidney  cells.  Virus  was  harvested  by  freeze-thawing  infected  cells 
three  times  and  sonicating  for  1  min.  Virus  replicated  to  higher  titers  in  the  cell  lines  than  in  the 
primary  cells  (Figure  1).  Virus  growth  in  the  four  cell  types  (from  the  highest  to  the  lowest 
titers)  was  Beas2B>Betl  A>585>399. 

RNA  isolated  from  the  cells  was  processed  and  analyzed  on  our  custom-made  IAD 
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(ISG/AU-rich/DsRNA)  cDNA  microarray.  There  were  similarities  in  the  VV-induced  genes 
between  the  two  cell  lines  and  between  the  two  primary  cell  types.  However,  there  were 
remarkable  differences  between  the  primary  cells  and  the  cell  lines,  pointing  to  the  value  of 
using  primary  human  cells  for  obtaining  viral-response  mRNA  profiles.  The  two  most  highly 
upregulated  genes  in  the  cell  lines  were  histone  (2bl)  and  heat  shock  protein  (HSP70B’).  These 
genes  are  known  VV  inducible  genes,  thus  validating  our  findings  (Brum  et  al,  2003).  Virus- 
induced  gene  expression  was  observed  to  peak  between  8  hr  and  24  hr  post-infection  in  all  of 
the  cell  types.  These  finding  demonstrate  that  cell  lines  may  be  inappropriate  model  systems  for 
extrapolating  to  humans  and  highlight  the  importance  of  using  primary,  freshly  isolated  cells. 


A. 

109_- 


Beas2B  BetIA  399  585 


Cell  Type  Cell  Type 

Figure  1 .  W  yields  from  (A)  human  lung  epithelial  cell  linesBeas2B  and  BetIA  and 
(B)  primary  human  lung  epithelial  cells. 

Interestingly,  ribosomal  protein  genes  were  the  most  highly  VV-downregulated  genes  in  the  two 
cell  lines.  Indeed,  the  genes  for  ribosomal  proteins  S4,  S6  S10,  S14,  S16,  S23,  S24,  S27a,  S28 
and  LI  8  are  among  the  most  highly  downregulated  genes.  Again,  there  were  significant 
differences  between  the  cell  lines  and  the  primary  cells,  although  ribosomal  protein  gene  S24 
was  the  second  most  highly  downregulated  gene  in  the  primary  cells.  These  data  could  describe 
a  novel  mechanism  for  viral  shut-off  of  host  protein  synthesis  and  suggest  that  a  VV-induced 
pathway  can  selectively  degrade  ribosomal  protein  mRNAs. 

In  the  case  of  vaccinia  virus  infection  of  HAEC,  the  group  of  genes  showing  changes  in 
expression  was  different  from  that  identified  for  influenza  infection  of  HAEC  (see  below  for 
discussion  of  Influenza  experiment).  Lists  of  genes  induced  by  these  viruses  in  HAEC  and  their 
induction  levels  and  kinetics  were  included  in  our  February  2004  progress  report.  These  results 
suggest  that,  by  using  gene  arrays,  it  may  be  possible  to  discriminate  among  common  respiratory 
tract  infections  such  as  influenza  and  parainfluenza  and  orthopox  where  the  early  clinical 
symptoms  are  similar.  Indeed,  as  discussed  below  (section  D3L-M  2.).  statistical  analysis  of  our 
gene  profiling  data  has  revealed  a  set  of  25  genes  whose  expression  is  sufficient  to  discriminate 
between  different  viral  infections.  Thus,  the  major  hypothesis  of  our  grant  proposal,  that 
unique  gene  expression  signatures  may  allow  detection  of  particular  infectious  agents,  is 
supported  by  this  data. 


2)  Influenza  Virus 

HAEC  were  grown  to  approximately  85-90%  confluence  in  100  mm  dishes.  We  infected 
cells  with  Influenza  A/Japan/305/57,  subtype  H2N2  (Advanced  Biotechnologies,  Columbia, 
MD)  which  was  grown  in  Madin-Darby  canine  kidney  (MDCK)  cells,  and  suspended  in  serum- 

free  MEM  with  Earle's  Salts.  The  virus  stock  contained  1(A25  TCID50  (50%  of  tissue  culture 
infectious  dose)  per  ml.  Cells  were  infected  with  Influenza  A2  Japan  virus  using  0.2  viral 
particles/cell  for  an  estimated  8xl06  cells/plate.  Infection  of  cells  was  performed  using  sterile 
techniques  in  the  BSL2  virus  facility  in  the  tissue  culture  hood.  All  plastics,  disposables  and 
biohazard  wastes  were  disposed  of  using  bleach  and  then  placed  appropriately  in  biohazard 
waste  bags  and  boxes.  The  virus  was  added  to  each  plate,  then  plates  were  transferred  to  a  37° 
C  incubator.  After  1  hour  the  media  and  virus  was  removed  from  the  plates  and  replaced  with 
10  ml  of  fresh  media.  The  cells  were  returned  to  the  incubator  until  harvest  according  to  the 
time  course  scheduled  for  each  experiment.  In  addition,  control  uninfected  cells  were  also 
harvested  at  each  time  point  as  control  for  microarray  analyses  involving  competitive 
hybridization.  RNA  was  prepared  using  phenol/chloroform  purification  and  extraction  methods. 
RNA  concentrations  and  quantities  were  determined  for  each  of  the  samples,  which  were  then 
confirmed  on  agarose  gels.  Four  influenza  experiments  have  been  completed  using  cells 
extracted  from  4  different  human  donor  lungs.  Total  RNA  extracted  from  plates  was  11±  4 
ug/lxlO6  cells.  RNA  was  of  good  quality  with  no  degradation  as  evaluated  by  gel 
electrophoresis.  RNA  was  converted  to  labeled  cDNA  and  hybridized  to  the  IAD  microarry. 
Evaluation  of  microarray  results  was  performed  using  Genespring  software.  A  list  of  genes 
showing  significant  changes  in  expression  at  any  time  point  following  influenza  infection  in 
each  of  the  four  samples  was  presented  in  our  February  2004  progress  report.  In  addition,  we 
showed  the  extent  and  kinetics  of  induction  for  each  of  these  genes.  Interestingly,  distinct 
waves  of  differential  gene  expression  were  observed  at  1,  8  and  24  hours  post-infection,  each 
involving  largely  non-overlapping  sets  of  genes.  This  work  is  being  prepared  for  publication. 

3)  Ebola  virus. 

We  performed  experiments  aimed  at  determining  changes  in  gene  expression  profiles 
elicited  by  several  different  species  of  Ebola  vims  in  human  cells.  For  these  experiments  we 
used  derivatives  of  human  HT1080  fibrosarcoma  cells  that  are  either  normal  or  mutated  for  Jakl 
kinase  which  is  required  for  an  interferon  (IFN)-mediated  antiviral  response.  The  IFN 
responsiveness  of  the  different  cell  lines  was  characterize  by  performing  gene  expression  array 
experiments.  In  addition,  the  same  cell  lines  were  sent  to  USAMRIID  laboratory  in  Ft.  Detrick, 
Maryland  for  Ebola  virus  experiments  (performed  by  Dr.  Jason  Paragas).  The  cell  lines  were 
infected  with  Reston,  Sudan  and  Zaire  species  of  Ebola  virus  and  analyzed  for  the  ability  of  the 
virus  to  replicate. 

The  characteristics  of  the  various  Jak  mutant  cell  lines  and  their  susceptibility  to  Ebola 
vims  was  presented  in  our  December  2002  progress  report.  Our  results  showed  that  cells 
harboring  the  truncated  JaklAB  have  enhanced  ability  to  replicate  the  Reston  and  Zaire  species 
of  Ebola  vims.  In  contrast,  four  other  cell  lines  have  a  reduced  ability  to  replicate  Ebola  vims. 
These  data  suggest  that  there  may  be  a  genetic  component  to  individual  susceptibility  to  Ebola 
virus. 
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4)  Vesicular  Stomatitis  Virus  and  Encephalomyocarditis  Virus 

We  also  used  Vesicular  Stomatitis  Virus  (VSV),  a  rhabdovirus,  and 
Encephalomyocarditis  Virus  (EMCV),  a  picomavirus,  as  surrogates  for  pathogenic  viruses  such 
as  the  Rabies  virus  and  Poliovirus,  respectively.  RNA  profiles  were  determined  for  human 
Hey  lb  ovarian  carcinoma  cells,  in  which  the  interferon  antiviral  response  was  regulated  with 
siRNA.  As  reported  in  the  Journal  of  Virology,  our  findings  suggest  a  general  antiviral  effect 
for  the  interferon-induced  protein,  phospholipid  scramblase  1  (PLSCR1)  that  appears  related  to 
marked  enhancement  of  the  cellular  response  to  IFN  (Dong  et  al.,  2004).  Specifically,  we 
compared  mRNA  profiles  in  untreated  and  IFN-P  treated  cells  using  the  IAD  array  (Figure  2). 
Triplicate  cultures  of  Hey  IB  vector  control,  mismatch  siRNA  or  PLSCR1  siRNA  clones  were 
treated  with  IFN-p  at  6  h  and  the  RNA  isolated  from  identically-treated  cultures  was  combined 
for  microarray  analysis.  The  experiment  was  independently  performed  twice  (i.e.,  experiments 
"A"  and  "B",  were  both  from  RNA  pools  of  triplicate,  identically-treated  cultures).  In  addition, 
several  of  the  ISGs  were  present  at  multiple  positions  on  the  array  (indicated  by  multiple  rows 
for  the  same  gene  in  Figure  2).  Twenty-four  genes  were  more  highly  induced  by  IFN-p  in  the 
control  cells  expressing  mismatched  siRNA  than  in  the  cells  expressing  siRNA  specific  to 
PLSCR1.  Twenty-one  of  these  genes  are  previously  identified  ISGs.  Three  genes  are  newly 
identified  ISGs  from  these  experiments,  and  are  also  AU-rich  genes  (hypothetical  protein 
expressed  in  osteoblasts,  TEB4,  and  transcription  factor  AP-2  gamma).  ISG54,  present  at  three 
locations  on  the  array,  was  one  of  the  most  highly  elevated  ISGs  associated  with  PLSCR1 
expression.  The  average  IFN-induction  of  ISG54  was  about  5-fold  greater  in  the  control  siRNA 


Figure  2.  PLSCR1  enhances  expression  of  a  set  of  IFN  stimulated  genes  as  determined  in  DNA 
microarrays.  HeylB  cells  expressing  siRNA  mismatch  or  siRNA  to  PLSCR1  were  incubated  with  or 
without  IFN-P  (1,000  U/ml)  for  8  h.  Gene  array  results  are  from  RNA  samples  isolated  from  triplicate 
cultures  of  IFN  treated  or  control  cells.  Numbers  represent  the  fold  increase  in  RNA  levels  after  IFN 
treatment  in  two  replicate  experiments,  A  and  B. 
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cells  than  in  the  PLSCR1  siRNA  cells.  The  remaining  23  ISGs  were  induced  1.7-  to  >5-fold 
greater  by  IFN  in  the  control  siRNA  cells  than  in  the  PLSCR1  siRNA-expressing  cells.  Our 
results  suggest  a  contribution  of  PLSCR1,  a  known  ISG,  to  the  IFN-stimulated  expression  of  a 
limited  subset  of  ISGs.  However,  because  siRNA  ablation  of  PLSCR1  was  incomplete,  the 
values  obtained  may  underestimate  the  contribution  of  PLSCR1  to  IFN  stimulated  gene 
expression.  A  decreased  IFN-induction  of  PLSCR1  itself  was  observed  in  the  PLSCR1  siRNA 
cells.  PLSCR1  siRNA  did  not  significantly  affect  expression  of  any  of  the  85  “housekeeping” 
genes  serving  as  controls  on  the  microarray  (data  not  shown).  To  confirm  the  gene  array  results, 
immunoblot  measurement  of  several  EFN-induced  proteins  was  performed  (Dong  et  al.,  2004). 
Deficient  IFN-mediated  induction  of  PLSCR1,  p56,  and  ISG15  were  observed  and  there  was  a 
small  effect  on  Statl  levels  while  PKR  and  RNase  L  amounts  were  essentially  unaffected.  The 
siRNAs  by  themselves  did  not  induce  ISG  expression  as  determined  by  both  gene  microarrays 
and  western  blot  assays  (Figure  2  and  data  not  shown).  Furthermore,  PLSCR1  greatly  inhibited 
replication  of  both  VSV  and  ECMV. 


D3B-G.  Assembly  and  manufacture  of  sequence-verified  cDNA  arrays  containing 
interferon  stimulated  genes  (ISGs),  control  genes  and  genes  identified  as  induced  by 
infectious  agents;  probe  preparation,  hybridization,  scanning  and  data  analysis. 

These  tasks  have  been  central  to  the  majority  of  the  work  undertaken  as  part  of  this  grant 
and  are  described  throughout  this  report  as  well  as  in  our  previous  annual  progress  reports 
(dated  December  2002  and  February  2004)  and  the  appended  publications. 

D3H-J.  Protein  arrays  and  Construction  and  arraying  of  single  chain  antibodies  to  cell 
signaling  components  and  bacterial/viral  agents  and  Preparation  of  synthetic  peptides  that 
are  the  activated  forms  of  key  signaling  molecules,  non-activated  forms,  heart  and  liver 
enzymes,  and  virulence  factors  of  pathogenic  bacteria  and  viruses  and  immunization  of 
chickens. 

Our  goals  were  to  develop  single  chain  antibodies  against  activated  signaling  molecules, 
sensors  of  cellular  damage,  certain  pathogenic  markers,  and  cellular  proteins  increased  in 
expression  after  bacterial  or  viral  exposure.  These  antibodies  were  to  be  arrayed  on  slides  to 
form  a  protein  array  that  would  be  used  to  monitor  levels  of  signature  bodily  proteins  obtained 
from  field  operatives.  The  resulting  profiles  would  be  compared  to  known  signaling/abundance 
profiles  of  model  bacterial  or  virus-infected  cells  to  determine  what  agent(s)  the  field  operatives 
had  been  exposed  to.  These  data  would  be  compared  with  microarray-derived  gene  expression 
data  to  accurately  assess  exposure,  weigh  treatment  options  and  predict  outcome. 

Initially  we  planned  on  using  peptides  to  immunize  chickens  and  make  immune  libraries 
from  their  splenic  cDNAs  and  use  antibody- specific  primers  and  overlap  PCR  to  construct  a 
library  of  single  chain  (scFV)  antibodies  as  phagemids.  Our  initial  attempts  to  derive  high 
affinity  (as  determined  by  ELISA  signals  >0.75)  with  a  small  number  of  peptides  (phospho-IKK, 
phospho-lKB,  and  IKKgamma)  were  not  successful  in  generating  scFv’s  that  met  this  criteria. 
Due  to  this  fact  and  the  availability  of  a  large  (>1 0E1 1 )  library  of  human  scFv’s  that  were 
provided  by  Cambridge  Antibody  Technologies  Inc.  (CaT)  [Cambridge,  UK],  we  decided  to 
utilize  this  library  to  screen  peptides  corresponding  to  many  of  the  proteins  listed  in  Figure  1  of 
the  original  proposal  (proteins  encoded  by  genes  that  are  induced  by  EMCV  infection  of 
interferon-treated  cells).  The  human  antibody  repertoire  is  estimated  to  contain  -10E9  various 
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antibody  possibilities,  therefore  we  expected  to  be  able  to  isolate  high  affinity  single  chain 
antibodies  specific  to  our  peptide  targets  using  this  library.  Another  benefit  would  be  that  with 
such  a  large  library,  there  would  be  no  need  to  construct  numerous  immune  libraries  from 
various  immunized  animals.  The  time  frame  covering  this  period  was  the  entire  1st  year. 

We  found  that  selections  using  peptides,  especially  phospho-specific  peptides  was  not 
yielding  high-quality  ELISA-positive  results.  Sentinel  scFv’s  (phospo-lKB  and  phospho-p38) 
that  showed  limited  success  by  ELISA  (-0.5-0. 3)  were  tried  in  immunoprecipitation 
experiments  using  proteins  from  activated  mammalian  cell  extracts  without  success.  Initial 
attempts  to  increase  the  affinity  of  these  antibodies  by  ribosome  display  were  unsuccessful  and 
this  strategy  was  abandoned.  Midway  through  the  second  year  we  took  the  strategy  of  panning 
the  CaT  scFV  library  on  His-tagged  or  GST-fusion  proteins  of  our  list  of  proteins  of  interest.  In 
order  to  perform  this  task  we  had  to  PCR  amplify  desired  coding  regions  corresponding  to  the 
proteins  from  cDNAs  that  we  either  generated  from  cellular  RNA  or  obtained  from  other 
investigators  who  already  had  the  gene-specific  cDNA  in  vector  form.  We  initially  used  GST 
and  green  fluorescent  protein  (GFP)  as  targets  to  test  the  system.  We  had  very  good  success  at 
obtaining  a  large  number  of  scFv’s  that  gave  strong  ELISA  signals  (>0.75).  We  found  that 
performing  the  typical  4-5  rounds  of  selection  resulted  in  a  very  limited  set  of  diverse  scFv’s  to 
the  target  (typically  1-3)  and  that  we  would  likely  stand  a  much  better  chance  of  identifying  a 
larger  set  of  diverse  binders  by  screening  the  selected  scFv’s  after  only  2  rounds  of  selection. 
Due  to  the  low  numbers  of  positive  binders  at  the  initial  stage  of  panning  (typically  0.1 -0.5%) 
many  clones  (thousands)  needed  to  be  analyzed.  We  utilized  a  colony  picking  and  arraying 
robot  purchased  by  an  NIH-awarded  equipment  grant  to  Dr.  DiDonato.  This  allowed  mass 
pickings  and  arraying  of  thousands  of  clones  for  each  selection  target.  The  entire  set  of  phage 
clones  were  replica  plated  and  grown  in  culture  to  induce  production  of  single  chain  antibodies 
that  were  then  tested  by  ELISA  using  specific  and  irrelevant  target  proteins.  The  automated 
ELISA  plate  washer  was  absolutely  required  to  perform  the  task  of  screening  these  large 
numbers  of  samples.  Developing  the  system  to  this  point  covered  year  two.  With  this  success, 
we  began  to  pursue  this  strategy  with  many  of  our  targets  at  the  beginning  of  year  three  in 
earnest.  Because  of  the  increased  time  involved  in  preparing  the  antigenic  targets  we  had  to 
narrow  our  list  of  targets  from  those  listed  in  Table  1  of  the  original  proposal  and  concentrate  on 
only  a  few  of  the  targets  in  each  category  (chromatin  &  transcription  factors,  metabolic  enzyme 
markers,  proinflammatory  cytokines  and  chemokines,  protein  kinases,  pathogens  and  toxins, 
growth  factors  &  receptors  and  apoptosis-related  factors).  At  this  point  too,  we  were  aware 
from  our  signaling  studies  that  analysis  of  signaling  pathways  activated  in  response  to  bacterial 
or  viral  infection  of  lung  and  intestinal  epithelial  cells  was  not  very  discriminatory  among  either 
different  bacterial  infections  or  among  viral  infections  per  se,  and  that  the  major  difference 
between  the  viral  and  bacterial  infection  was  the  interferon  response  early  from  viral  infection 
and  ER  stress  in  viral  responses  later  during  infection.  Therefore,  we  decided  to  add  a  subset  of 
interferon-stimulated  genes  to  our  target  list  that  also  are  known  to  play  an  essential  role  in 
innate  host  responses,  namely  the  Toll-like  receptors  (TLRs)  and  their  signaling  adapter  proteins 
(MyD88,  Mai,  TRIF  and  TRAM). 
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In  an  attempt  to  offset  our  initial  screening  setbacks  during  the  final  half  of  the  project 

period  we  began 
selecting  multiple 
targets  simultaneously. 
We  found  that  we 
could  select  up  to  four 
antigenic  targets 

simultaneously  in  the 
1st  round  of  selection 
and  then  select  each 
target  separately  in 
round  2  and  then  pick 
approximately  2,000 
clones  from  the  second 
round  of  selection  and 
perform  ELISA  assays 
using  specific  and  non¬ 
specific  proteins.  This 
adjustment  allowed  us 
to  generate  scFv’s  with 
many  strong  ELISA 
signals  against  a 

number  of  proteins  listed  in  the  Table  above. 

The  strongest  ELISA  positive  scFv’s  were  selected  (typically  20-30)  and  used  in 
immunoprecipitation  experiments  to  verify  that  the  single  chain  antibody  could  recognize  the 
whole  protein.  This  extra  verification  was  extremely  time  consuming  and  labor  intensive  but  we 
felt  it  was  extremely  important  since  we  found  that  a  number  of  very  strong  ELISA  positive 
scFv’s  failed  to  immunoprecipitate  their  target  protein.  This  increased  selection  pressure  has 
slowed  our  scFv  developmental  pipeline  during  this  final  year;  however,  we  are  confident  that 
the  antibodies  that  we  have  generated  will  be  extremely  useful.  Figure  3  illustrates  our  ability 
to  generate  scFv’s  that  can  efficiently  immunoprecipitate  a  number  of  target  proteins. 

It  is  important  that  at  least  two  different  immunoprecipitation  positive  antibodies  be 
generated  for  each  target,  one  for  capture  and  the  other  for  detection.  As  we  have  discovered 
many  strong  ELISA-positive  scFv’s  do  not  always  immunoprecipitate  the  target  protein  or  do  so 
very  inefficiently.  We  have  tested  a  number  of  target  antigens  by  immunoprecipitation  as 
denoted  in  the  Table  above.  We  plan  on  screening  the  remaining  strong  ELISA-positve  scFv’s 
for  their  ability  to  immunoprecipitate  their  target  antigens  for  use  in  constructing  a  prototypical 
scFv  antibody  array.  What  has  become  apparent  over  the  time  of  this  project  is  that  monitoring 
of  the  signaling  pathways  that  are  activated  may  be  important  but  due  to  their  transitory  nature, 
the  only  tangible  or  lasting  impression  of  them  is  at  the  gene  expression  level  (both  mRNA  and 
protein  levels).  Therefore,  looking  back  in  hindsight,  a  protein  array  that  would  be  built  to 
reflect  detection  of  proteins  shown  to  have  its  expressions  altered  significantly,  as  determined  by 
gene-chip  analysis,  along  with  cell  damage  and  pathogen  protein/substance  markers  would  be 
ideal.  However,  there  was  no  way  to  know  or  suspect  this  apriori. 


Table:  Selected  scFv’s  that  are  strong  ELISA  positive 

Grow  th  factor  receptors  &  receptors 

Chromatin  and  transcription  factors 

Toll-like  receptors  2, 4, 5*  ,7*  &  8* 

MyD88*,  Mai*.  TR1F*.  TRAM 

c-jun,  ATF,  RelA*.  p50*.  1RF9  (p48),  STAT3 

Apoptosis-related  factors 

Metabolic  enzyme  markers 

Bcl-2 

alkaline  phosphatase,  bilirubin,  albumin,  creatine 
kinase ,  catalase 

Protien  kinases 

IKKalpha*,  IKKbeta*.  IKKgamma*.  PKR,  p38 
JNK1,  MEK1 

Proinflammatorv  evtokines.  chemokines, 
enzvmes  &  cell  damage  markers 

TNFalpha,  IL-lalpha,  IL-lbeta,  1L-6, 1L-8 

Pathogens  &  toxins 

*  denotes  verified  by  immunoprecipitation 

Flagellin*,  HPIV-3  N  protein, 
anthracis  lethal  factor  &  anthracis 
protective  antigen  (PA) 
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Figure  3.  Single  chain  antibodies  as  indicated  were  used  to  immunoprecipitate  either  exogenously 
expressed  FLAG-tagged  IKKbeta  (baculovirus  infected  cell  extract)  or  endogenous  p65  or  stably 
expressed  FLAG-tagged  TLR5.  Input  specific  proteins  were  at  levels  five-teimes  greater  than 
observed  in  the  marker  lanes  for  FLAG-IKKbeta,  FLAG-TLR5  and  p65.  Lanes  marked  with 
asterisks  denote  scFv’s  that  were  used  as  negative  controls. 


D3K:  Molecular  signaling  pathway  characterization  of  model  stimuli 

1.  Flagellin  is  a  major  regulator  of  inflammatory  responses  during  bacterial  infection 

Our  studies  in  signal  transduction  have  focused  on  cataloging  cellular  responses  to 
bacterial  and  viral  infection.  Of  chief  note  is  our  discovery  that  the  bacterial  protein  flagellin  is 
that  major  regulator  of  the  proinflammatory  gene  response  and  signal  transduction  cascade 
activator  as  described  in  our  recent  paper  (Tallant  et  al.,  2004)  and  seen  in  Figures  4  and  5 
below.  This  finding  is  of  particularly  keen  interest  since  flagellin  potentially  can  be  used  as  a 
potent  biological  weapon  simply  by  adding  a  cell-permeating  peptide  sequence  (~13  amino 
acids)  allowing  it  to  pass  into  and  through  epithelial  barrier  cells  which  the  natural  flagellin 
protein  does  not  normally  do.  This  modified  protein  could  be  made  in  vast  quantities  at  an 
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extremely  low  cost,  is  easily  purified  to  almost  homogeneity  and  is  heat  stable  allowing  it  to  be 
administered  either  in  food  or  water  or  aerosolized,  it  is  also  quite  stable  in  the  environment  and 
therefore  could  be  considered  a  potent  "poor  man’s”  biological  weapon  and  its  use  as  such  must 
be  considered  as  a  viable  threat  so  the  more  detailed  information  we  have  about  its  effect  on 
cells,  the  more  effective  our  responses  to  neutralize  its  activity  will  be. 

In  Figure  4,  wildtype  (WT)  or  flagellin-minus  strains  (134)  of  Salmonella  typhimurium 
were  used  to  infect  intestinal  epithelial  cells  and  whole  cell  extracts  were  prepared  at  the 
inidicated  times  after  infection  and  analysed  for  NF-kB  DNA  binding  activity  by  electrophoretic 
mobility  shift  assay  (EMSA)  and  JNK,  p38,  ERK  and  IKK  kinase  activity  were  determined  by 
immunoprecipitation  (IP)  kinase  assays  for  IKK  and  JNK  with  their  specific  substrates  as 
indicated  or  by  immunoblot  analysis  with  phospho-p38  or  phospho-ERK  antibodies  as 
indicated. 


Purified  flagellin  (lug/ml)  stimulated  NF-kB  DNA  binding  activity  and  the  same 
signaling  pathways  (panel  A  &  B)  as  those  activated  by  wild  type  bacterial  infection  (as  seen  in 
Figure  5  below),  demonstrating  that  flagellin  is  one,  if  not  the  major,  driving  force  of 
proinflammatory  signaling  during  bacterial  infection.  Similar  results  were  obtained  with 
yersinia  enterolytica  infections. 
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Figure  5.  Signaling  induced  by  treatment  of  intestinal  epithelial  cells  with  purified  Flagellin. 


2.  Identification  of  Flaeellin  as  a  novel  radioprotectant. 

In  the  course  of  our  signaling  studies  using  flagellin,  we  have  uncovered  a  novel  and 
surprising  characteristic  of  flagellin.  We  have,  in  collaboration  with  Dr.  Andrei  Gudkov’s 
laboratory  here  at  CCF,  discovered  that  flagellin  and  a  number  of  its  smaller  derivatives  (created 
in  the  DiDonato  laboratory)  have  the  capability  of  providing  extraordinary  radioprotective 
effects.  Flagellin  and  its  derivatives  can  completely  protect  mice  from  hematopoetic  and 
gastrointestinal  (GI)  syndrome  death  in  mice  irradiated  with  up  to  13Gy  of  gamma-radiation. 
The  protection  is  consistent  with  flagellin’s  ability  to  activate  NF-kB.  A  flagellin  derivative 
(CBLB501)  is  currently  being  developed  as  a  radioprotectant  drug  by  Cleveland  Biolabs 
(Cleveland,  OH)  and  is  the  focal  point  of  a  number  of  anti-bioterrorism  grants.  The  survival 
graphs  shown  below  illustrate  the  unusual,  highly  significant  protective  effect  of  flagellin  on 
mice  exposed  to  gamma  radiation.  All  animal  work  was  performed  by  our  collaborators.  Dr. 
Gudkov  and  CBL. 
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2a.  Optimal  radioprotective  dose  of  Flagellin  (CBLB501).  Whole  body  irradiation  of 
mice  with  15  Gy  gamma  radiation  leads  to  death  within  8  days  from  GI  syndrome  providing  a 
conventional  model  of  radiation  induced  damage  of  GI  tract.  Accordingly,  high  doses  of  1 5  Gy  was 
chosen  so  that  the  primary  cause  of  death  in  mice  is  GI  syndrome.  Two  flagellin  doses  (2.0 
pg/mouse  and  5  pg/mouse)  were  chosen  on  the  basis  of  its  potency  to  induce  efficiently  NF-kB  - 
dependent  production  of  IL-8  and  IL-lp  in  vivo.  C56BL6  mice  (6  week  old  males,  10  animals 
per  group)  were  given  intravenous  injection  of  two  doses  2.0  pg/mouse  (0.08  mg/kg)  or  5  pg/mouse 
(0.2  mg/kg)  of  CBLB501  four  hours  before  15  Gy  gamma-irradiation  and  mouse  survival  was 
monitored  daily  (Figure  6).  Vehicle-treated  animals,  as  expected,  died  within  8  days.  Flagellin, 
however,  significantly  delayed  mouse  death  in  dose-dependent  manner.  This  study  led  us  to  choose 
the  higher  dosage  of  5  pg/mouse  (0.2  mg/kg)  for  subsequent  experiments.  This  dose,  while 
providing  good  radioprotection,  is  five  times  lower  than  the  dose  demonstrating  moderate  toxicity  (1 
mg/kg)  and  50  times  lower  than  lethal  dose  (10  mg/kg). 

Figure  6.  Dose  dependent  radioprotective  effect  of  Flagellin. 


2b.  Optimal  pharmacodynamics  (time  of  the  administration)  of  Flagellin.  We  had  estimated 
the  dependence  of  the  radioprotective  activity  of  flagellin  on  the  time  of  treatment  by  injecting  mice  at 
several  time  points  relative  to  the  moment  of  gamma-irradiation.  Experiments  were  done  essentially 
as  explained  above,  using  intraperitoneal  injection  of  5  pg/mouse  (0.2  mg/kg)  of  flagellin  or,  for 
control  mice,  5  pg/mouse  (0.2  mg/kg)  of  bacterial  RNA  polymerase.  The  experiments  described 
below  were  performed  on  NIH-Swiss  mouse  strain.  The  results  show  that  flagellin  provides  90% 
survival  if  injected  at  1  or  2  hours  before  irradiation  with  13  Gy  (Figure  7).  Only  the  -1  hour  graph 
is  shown  for  clarity,  however,  both  time  points  (-1,  and  -2  hour)  provided  similar  degree  and 
dynamics  of  survival.  Flagellin  injected  2  minutes  before  or  1  hour  after  irradiation  had  no  protective 
effect  against  1 3  Gy  induced  death  (data  not  shown).  Also,  flagellin  did  not  provide  protection  when 
injected  24  hours  prior  to  13  Gy  irradiation. 

Interestingly,  administration  of  flagellin  24  hours  before  10  Gy  gamma-irradiation  provided 
100%  protection.  While  13  Gy  irradiation  in  mice  primarily  induces  death  from  GI  syndrome,  10 
Gy-induced  death  is  mostly  mediated  by  hematopoietic  syndrome.  Accordingly,  such  long-term 
protection  from  10  Gy  irradiation  may  be  mediated  by  enhanced  proliferation  or  survival  of 
hematopoietic  stem  cells  induced  by  flagellin  and/or  long-living  secondary  cytokines. 

In  conclusion,  we  have  shown  that  Flagellin  currently  provides  the  best  protection  of  any 
known  natural  product  to  gamma  radiation,  especially  since  it  is  protective  against  death  by 
gastrointestinal  syndrome. 
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Figure  7.  Effect  of  flagellin  (CBLB501)  injected  intraperitoneally  at  indicated  times  before 
irradiation  on  mouse  sensitivity  to  1 3  Gy  and  1 0  Gy  of  total  body  gamma  radiation. 
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3.  Discovery  of  a  novel  NF-KB-dependent  antiviral  response  that  does  not  involve 
interferon. 


HPIV3  Infection  Activates  NF-kB 
in  Human  Lung  Epithelial  AS49  Cells 
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One  of  the  goals  of  this  project  has  been  to  identify  the  molecular  signaling  pathways 
activated  by  bacterial  and  viral  pathogens  and  their  products  in  a  number  of  relevant  cell  types 
including  lung  epithelial,  intestinal  epithelial,  oral  epithelial  cells  and  macrophages.  We  have 
identified  the  major  stress-activated  pathways  in  lung  epithelial  cells  and  in  intestinal  epithelial 
cells  (Bose  et  al.,  2003).  We  have  used  the  lung-tropic  viruses  Respiratory  Syncitial  Virus 
(RSV)  and  Human  Parainfluenza  Virus  (HPIV-3),  the  bacterial  pathogen  Salmonella 
typhimurium  and  the  bacterial  protein  flagellin  to  stimulate  responses  in  tissue  culture  cells.  As 

a  by-product  of  these  studies,  we 
have  found  that  flagellin  is  the 
main  proinflammatory  mediator 
in  both  intestinal  epithelial  cells 
(as  described  above)  and  also  in 
lung  epithelial  cells  (Tallant  et 
al.,  2004).  Additionally,  and 
perhaps  even  more  importantly, 
we  have  uncovered  a  novel  anti¬ 
viral  innate  host  response  that 
requires  activation  of  the  NF-kB 
transcription  factor  and 
expression  of  one  of  its  unknown 
target  genes.  This  unknown 
gene(s)  can  turn  a  mildly 
cytopathic  virus  (HPIV-3)  into  an 
extremely  virulent 
one  similar  to  RSV. 
Also,  triggered 
expression  of  this 
NF-kB  target  gene 


Free  Probe 


Figure  8.  HPIV3  infection  activates  NF-kB.  HPIV3  was  used  to  infect 
A549  cells  at  an  m.o.i.  of  0.5  and  whole  cell  extracts  were  prepared  at  the 
indicated  times  after  infection.  EMSA  assays  were  performed  with  25ug  of 
cell  extract  and  an  NF-kB  -specific  radiolabeled  probe. 
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by  a  number  of  means  prior  to  RSV  or  influenza  A  severely  limits  the  infectiveness  of  these  and 
other  negative  strand  RNA  viruses.  These  results  are  have  been  published  (Bose  et  al.,  2003). 
These  findings  are  significant  in  that  they  identify  a  mechanism  by  which  a  mildly  cytopathic 
virus  can  be  turned  into  a  virulent  one  without  genetic  manipulation.  As  importantly,  these 
results  also  point  to  the  existence  of  a  factor(s)  that  can  negate  the  effects  of  virulent  negative 
strand  RNA  viruses  and  could  have  broad-spectrum  protective  effects  among  a  number  of 
current  Category  A  biologicals.  Further  study  of  these  two  aspects  of  our  work  are  beyond  the 
scope  of  this  project  and  are  being  investigated  in  the  DiDonato  laboratory  and  other  CCF 
laboratories  using  other  funding. 

We  have  preliminarily  identified  the  envelope  glycoprotein  HN  of  HPIV-3  as  the  viral 
protein  recognized  by  one  of  the  Toll-like  receptors  (TLRs)  in  the  host  cell.  We  have  also  found 
that  the  NF-kB  activation  and  anti-viral  activity  work  through  the  TLR  adapter  protein  MyD88 
(Figure  9).  The  identity  of  the  TLR  that  recognizes  this  protein  is  putatively  TLR7  (Figures  10 
and  11).  We  have  also  found  that  TLRs  6,  7  &  8  play  an  important  role  in  activating  the  anti¬ 
viral  state  triggered  by  HPIV-3  infection.  We  are  not  certain  yet  whether  TLRs  6,  7  and  8  form 
heterodimeric  partnerships  that  can  recognize  this  protein,  although  particular  combinations  of 
the  dominant-negative  alleles  when  expressed  in  A549  cells  inhibit  NF-kB  activation  (Figure 
10).  In  addition,  TLR7  expressed  exogenously  in  293HEK  cells  which  do  not  activate  NF-kB  in 
response  to  HPIV-3  viral  infection  and  are  known  to  lack  TLRs  except  for  TLRs  1,  5  and  6, 
restores  responsiveness  to  HPIV-3  as  measured  by  NF-kB  activation  (Figure  11).  These  results 
further  imply  a  role  for  TLR7  (and  perhaps  TLR6)  in  responding  to  HPIV-3  viral  proteins 
and/infection.  We  are  currently  trying  to  finish  these  analyses  and  are  in  the  initial  phases  of 
writing  a  manuscript  addressing  these  findings. 


Ad-DN-MjDSS  -  +  -  +  Ad-DN-MjDM  -  +  •  ♦ 

Ad-GFP  +  ■  ♦  -  AdGFP  ♦  -  ♦ 

HPIV-3  RSV  HPIV-3  RSV 


Figure  9.  HPIV3  infection  activates  NF-kB  and  requires  MvD88.  HP1V3  was  used  to  infect  A549 
cells  that  were  transfected  with  an  NF-kB  reporter  gene  (IL-8  luciferase)  at  an  m.o.i.  of  0.5  and  cell 
extracts  were  prepared  12h  after  infection  and  analysed  for  luciferase  activity  in  (A).  B.  A549  cells 
infected  previously  with  either  GFP  or  DN-MyD88  expressing  adenovirus  (m.o.i.  50)  were  infected  36h 
post  infection  at  an  m.o.i.  of  0. 1  with  either  HPIV-3  or  RSV  virus.  Viral  supernatants  were  serially 
diluted  and  plaque  assays  performed  on  CV-1  cells  and  the  results  plotted. 
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Figure  10.  TLR7DN  expression  blocks  HPIV3  -mediated  NF-kB  activation.  HPIV3  was  used  to 
infect  A549  cells  (m.o.i.  of  0.5)  that  had  previously  been  infected  with  self-inactivating  lentiviruses 
expressing  either  GFP,  DN  TLRs  1-5,  or  TLRs  6-9  or  the  listed  combinations  of  DN-TLRS.  The  cells  in 
the  top  panel  were  stimulated  with  either  nothing,  HPIV-3  or  IL-1  (lOng/ml)  and  whole  cell  extracts 
were  prepared  90min  after  infection  or  45min  after  IL-1  stimulation.  EMSA  assays  were  performed  with 
25ug  of  cell  extract  and  an  NF-kB  -specific  radiolabeled  probe. 


Lenti  GFP  TLR1-5DN  TLR6-9DN 

HPIV3  IL1  HPIV3  IL1  HPIV3  IL1 


Lenti 

HPIV3 


GFP__  TLR5DN  TLR6DN  TLR7DN  TLR8DN  TLR6+7DN  TLR6+8DN  TLR7+8DN  TLR6+7+8DN 
+  “  -  +  -  +  ~  +  ~  -  +  =  ?  =  —  =  *- 


TLR7wt  Reconstitutes  NF-kB  Activation 
in  Human  Intestinal  Epithelial  293T  Cells 

_ _ HPIV3 _ 

wt  TLR  -  -1  34567  89  gfp 


Figure  11.  HPIV3  infection  activates  NF-kB  in  response  to  TLR7 
expression.  HPIV3  (an  m.o.i.  of  0.5  )  was  used  to  infect  293HEK  cells  that 
were  transiently  transfected  with  mammalian  expression  vectors  encoding 
wildtype  TLRs  1-9  as  indicated  along  with  GFP  as  a  negative  control. 
Whole  cell  extracts  were  prepared  90  min  after  infection.  EMSA  assays 
were  performed  with  25  ug  of  cell  extract  and  an  NF-KB-specific 
radiolabeled  probe. 


4.  PKR  as  a  target  for  therapy  of  virulent  orthopoxvirus  infections 

Protein  kinase  R  (PKR)  is  an  interferon  (IFN)  regulated  dsRNA-activated  host  defense 
enzyme  essential  in  higher  vertebrates  to  effectively  suppress  the  spread  of  different  viruses 
(Williams  1999;  Williams  2001).  PKR  is  a  key  regulator  of  immune  responses  through  its 
effects  on  both  gene  transcription  and  protein  synthesis.  For  example,  upon  activation  by  viral 
dsRNA,  PKR  phosphorylates  the  translation  initiation  factor,  eIF2a,  leading  to  inhibition  of 
mRNA  translation.  PKR  also  responds  to  viral  and  bacterial  inflammatory  stimuli  by 
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phosphorylating  transcription  regulators,  including  the  inhibitor  of  NF-kB,  IkB,  and  the 
transcription  factors  IRF-1,  Stat3  and  ATF2  (Williams  1999). 

Preclinical  studies  demonstrate  that  PKR  is  a  potentially  important  drug  target. 
Although  PKR  is  a  key  anti-viral  protein  in  the  interferon  host  defense  system,  becomes 
activated  during  viral  infection  and  is  required  for  efficient  suppression  of  the  replication  of  a 
variety  of  viruses,  PKR  has  also  been  implicated  in  cellular  stress  responses  and  signaling 
pathways  regulating  inflammation.  Therefore,  controlling  PKR  activity  may  be  a  viable  strategy 
to  treat  a  number  of  chronic  inflammatory  conditions  as  well  as  the  inflammatory  side  effects 
associated  with  the  pathogenesis  of  infection  with  select  agents  such  as  Anthrax  and  Pox 
viruses.  PKR  has  recently  been  implicated  in  neurodegenerative  diseases  including  Alzheimer’s 
and  Huntington  disease  (Peel  et  al.  2001;  Chang  et  al.  2002a,  2002b;  Onuki  et  al.  2004), 
expanding  the  potentially  important  targets  for  PKR  therapeutic  approaches.  Most  relevant  to 
this  grant  is  our  recent  discovery  that  PKR  plays  a  key  role  in  modulating  NF-kB  transcription 
factors  activated  by  Poxvirus  infection. 

Currently,  the  molecular  mechanisms  contributing  to  the  virulence  of  variola  virus  and 
monkeypox  virus  are  largely  unknown.  Genomic  analyses  of  variola  virus,  monkeypox  virus 
and  other  members  of  the  orthopoxvirus  genus  have  not  revealed  any  variola  or  monkeypox 
virus  specific  genes  that  can  account  for  the  virulence  of  these  viruses.  Indeed,  these  virulent 
viruses  lack  many  immunomodulatory  genes  present  in  the  genomes  of  less  virulent 
orthopoxviruses.  One  explanation  for  the  virulence  of  these  viruses  is  that  rather  than 
expressing  unique  virulence  factors,  these  viruses  act  type-specifically  to  induce  host  responses 
that  become  destructive  to  or  lethal  to  the  host,  instead  of  protecting  the  host.  In  this  model,  the 
virulent  viruses  may  possess  greater  abilities  to  induce  such  host  responses  than  avirulent 
viruses,  or  they  may  lack  the  ability  to  suppress  such  responses,  or  they  may  possess  both 
properties.  Consistent  with  such  a  model,  victims  of  variola  virus  (even  in  the  absence  of 
bacterial  infection)  typically  exhibit  symptoms  of  toxemia  that  could  result  from  deregulated 
cytokine  production,  similar  to  that  induced  by  many  bacterial  infections. 

Transcription  of  many  of  the  genes  induced  during  bacterial  or  viral  infections  is  under 
the  control  of  the  NF-kB  family  of  transcription  factors  (reviewed  in  Karin  and  Ben-Neriah 
2000;  Karin  et  al.  2004;  Williams  1999).  Examples  of  immune  response  genes  under  the 
control  of  NF-kB  include  those  encoding  cytokines,  chemokines,  cell  adhesion  molecules,  acute 
phase  response  proteins  and  other  genes  important  to  the  immune  response,  such  as  TAP-1, 
MHC  class  I,  IL-2R,  IkB,  iNOS,  cyclooxygenase-2,  and  cIAPs.  Our  collaborator,  Dr.  David 
Pickup,  has  shown  that  orthopoxviruses  act  in  a  type-specific  manner  to  either  induce  or  inhibit 
NF-kB  activation  (Oie  and  Pickup  2001).  Accordingly,  we  hypothesize  that  viral  activation  may 
contribute  to  poxvirus  pathogenesis.  Our  rationale  is  that  variola  virus  pathogenesis  resembles 
that  of  bacterial  toxemia,  and  NF-kB  activation  has  been  implicated  as  a  major  contributory 
factor  in  establishment  of  this  state  (Koplan  and  Foster  1979;  Bames  and  Karin  1997;  Neish  et 
al.  2000).  To  test  this  hypothesis,  in  collaboration  with  Drs.  Inger  Damon  and  Joe  Esposito  (at 
the  CDC)  Dr.  Pickup  has  begun  to  examine  the  potential  of  monkeypox  virus  to  affect  NF-kB 
signaling.  Preliminary  results  (Figure  12)  are  consistent  with  this  hypothesis.  A  highly  virulent 
strain  of  monkeypox  virus  (MPV-V79-I-005)  induces  IicBa  degradation  in  the  absence  of 
external  stimuli,  whereas  cowpox  virus  does  not,  and  the  avirulent  MPV  Copenhagen  is 
intermediate  in  effect  between  the  other  two  viruses. 
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Figure  12.  Virulent  Monkeypox  Virus  Induces  Turnover  of  IkBcl 
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Recently,  in  collaboration  with  Dr.  Pickup,  we  have  demonstrated  that  vaccinia  virus  (strain 
MVA)-mediated  activation  of  NF-kB  is  dependent  upon  host  PKR  (Figures  13  and  14, 
manuscript  in  preparation).  We  hypothesize  that  a  major  contributory  factor  in  monkeypox  virus 
infection  is  deregulated  cytokine  production  generated  by  viral  induction  of  PKR-mediated 
activation  of  NF-icB-regulated  gene  expression. 


Figure  13.  MVA-induced  degradation  of  IkB  is  impaired  in  PKR-/-  cells. 
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Figure  14.  MVA-induced  degradation  of  IkB  is  restored  in  PKR-/-  cells 
expressing  human  PKR.  _ 
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Therefore,  in  contrast  to  the  generally  accepted  notion  of  PKR  as  an  anti-viral  protein, 
we  have  shown  that  PKR  is  essential  for  the  ability  of  Poxviruses  to  activate  NF-kB.  Thus,  an 
inhibitor  of  PKR  could  be  used  to  reduce  the  inflammatory  response  associated  with  Poxvirus 
infection  as  well  as  limit  the  symptoms  associated  with  Anthrax  infection. 

Based  upon  existing  experimental  evidence  and  our  understanding  of  the  physiological 
activity  of  PKR,  our  hypothesis  is  that  highly  selective  PKR  inhibitors  will  have  high  potential 
for  use  in  clinical  applications  against  potential  agents  of  bioterrorism  such  as  Poxvirus  and 
Bacillus  anthracis.  In  the  future,  it  should  be  possible  to  use  a  high  throughput  screening  (HTS) 
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method  based  on  fluorescence  polarization  (FP)  to  identify  PKR  inhibitors  within  libraries  of 
chemical  compounds. 

Our  data  is  significant  in  that  it  suggests  that  new  classes  of  therapeutics  could  be 
developed  targeting  host  proteins  such  as  PKR,  or  components  of  the  NF-kB  signaling  pathway, 
as  a  means  of  abrogating  or  reducing  the  pathogenic  effects  of  variola  or  monkeypox  virus 
infections.  Therapeutics  of  this  type  would  not  be  directly  antiviral,  but  they  could  be  expected 
to  reduce  the  morbidity  and  mortality  associated  with  these  infections.  Such  supportive  therapy 
might  enable  patients  to  resist  the  infection,  in  the  same  way  that  most  patients  tolerate  and  clear 
less  virulent  viruses.  In  addition,  such  therapies  could  be  given  as  adjuvant  therapies  in 
conjunction  with  antiviral  drugs  designed  to  block  viral  replication.  Currently,  with  the 
exception  of  the  fairly  toxic  drug,  cidofovir,  neither  form  of  therapy  is  available. 

5.  Analysis  of  interferon-  and  double  stranded  RNA-regulated  signaling  pathways 
impacted  by  Sendai  virus  infection. 

Many  cellular  genes,  encoding  proteins  of  diverse  functions,  are  transcriptionally 
induced  during  viral  infections.  Because  host-virus  co-evolution  has  tolerated  this  host  response 
to  virus  infection,  it  is  thought  to  be  conducive  to  maintaining  proper  viral  homeostasis  at  the 
cellular  and  organismal  levels.  Many  virally  induced  proteins  have  direct  or  indirect  anti-viral 
effects.  They  may  inhibit  protein  synthesis  in  infected  cells,  impair  viral  assembly,  initiate  the 
innate  immune  response,  or  prime  the  adaptive  immune  response.  Diverse  components  of  the 
infecting  virus  or  viral  intermediates,  produced  during  replication,  can  be  the  responsible  agents 
that  trigger  the  signaling  pathways  leading  to  cellular  gene  induction.  Depending  on  the  specific 
virus,  viral  envelope  proteins,  viral  ribonucleoproteins,  or  viral  single-stranded  (ss)  or  double- 
stranded  (ds)  RNAs  have  been  shown  to  be  the  critical  inducer.  Among  these,  dsRNA  has  been 
historically  viewed  as  the  most  important  agent  because  it  is  often  produced  in  virus-infected 
cells;  and  synthetic  dsRNA,  when  added  to  cells,  can  induce  transcription  of  some  of  the  same 
cellular  genes  that  are  induced  by  virus  infection.  A  major  transducer  of  signaling,  activated  by 
exogenously  added  dsRNA  or  intracellular  viral  dsRNA  is  a  member  of  the  Toll-like  receptor 
(TLR)  family,  TLR3. 

One  set  of  common  genes  induced  by  many  viruses  and  dsRNA  encode  type  I  interferons 
(IFNs).  These  secreted  cytokines  have  strong  anti-viral  effects.  Surprisingly,  many  dsRNA- 
induced  and  virally  induced  cellular  genes  are  also  induced  by  IFNs,  thus  creating  a  positive 
feedback  loop  that  reinforces  induction  of  the  same  genes  in  infected  cells. 

To  pursue  our  interest  in  identifying  the  signaling  pathways  responsible  for  inducing 
specific  sets  of  cellular  genes  upon  virus  infection,  we  focused  our  attention,  in  this  study,  on 
human  genes  that  are  induced  early  after  SeV  infection.  We  were  interested  in  characterizing 
the  repertoires  of  genes  induced  by  SeV  infection  by  classifying  them  into  groups  that  are 
induced  by  IFNs,  dsRNA,  or  other  viral  products.  For  identifying  SeV-induced  genes,  we  used 
the  “IAD”  cDNA  microarray  that  was  customized  for  this  purpose.  This  array  contains  a  subset 
of  sequence  verified  cDNA  clones  from  the  Research  Genetics  40K  clone  representing  1)  950 
genes  containing  adenylate/uridylate  rich  elements  and  18  genes  potentially  involved  in  AU- 
directed  mRNA  decay  as  previously  described  (Frevel  et  al.,  2003),  2)  855  interferon  stimulated 
genes  representing  an  expansion  of  a  previously  described  clone  set  (de  Veer  et  al.,  2001),  288 
genes  responsive  to  the  viral  analog  poly  (I).poly(C),  representing  an  expansion  of  the  clone  set 
described  by  Geiss  et  al.  (Geiss  et  al.,  2001)  and  85  housekeeping  genes.  Using  this  approach. 
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we  previously  identified  many  genes  whose  transcription  is  induced  by  IFNs  (de  Veer  et  al., 
2001)  or  dsRNA  (Geiss  et  al.,  2001).  In  addition  to  many  virally  induced  genes,  dsRNA-  and 
IFN-inducible  genes  were  represented  in  the  microarray  used  here.  We  had  used  mutant  cell 
lines,  which  could  not  respond  to  IFN  or  dsRNA,  for  delineating  the  signaling  pathways 
activated  by  those  inducers.  We  took  advantage  of  some  of  those  mutant  cell  lines  to  assess  the 
relative  contributions  of  the  IFN-  and  the  dsRNA-signaling  pathways  in  gene  induction  by  SeV. 
Other  mutant  cell  lines  were  used  to  investigate  the  relative  contributions  of  NFkB  and  IRF-3, 
the  major  transcription  factors  activated  by  SeV  infection,  to  cellular  gene  induction.  The 
relevant  characteristics  of  the  cell  lines  used  in  this  study  are  listed  in  the  Table  below. 

Our  study  revealed  that  among  the  genes  that  are  induced  immediately  after  SeV 
infection,  only  a  few  were  dependent  on  IFN  signaling  and  none  were  dependent  on  dsRNA 
signaling  through  TLR3.  As  expected,  one  class  of  genes  required  NFkB,  whereas  another  class 
required  IRF-3  for  induction  in  SeV-infected  cells.  Surprisingly,  viral  induction  of  a  subset  of 
NFicB-dependent  genes  was  negatively  regulated  by  IRF-3,  thus  revealing  a  new  aspect  of  cross¬ 
talk  between  the  two  transcription  factors. 
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Figure  15.  Differential  induction  of 
genes  by  SeV  and  dsRNA.  Select 
genes  differentially  regulated  by  SeV 
and  dsRNA  in  cells  both  without  (-, 
293)  and  with  (+,  293/TLR3)  TLR3. 
The  tiles  show  the  fold-increase  in 
mRNA  expression  for  specific  genes  in 
SeV-  (left  column)  or  dsRNA-treated 
(right  column)  cells  relative  to 
untreated  cells  as  a  function  of  color. 
Green  indicates  that  expression  was 
unchanged  by  treatment  with  SeV  or  ds 
RNA.  Yellow->Red  coloring  shows 
that  expression  was  induced  to  increasing 
degrees. 
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Figure  16.  Modulation  of  A20  and 
ISG56  mRNA  expression  by 
cellular  levels  of  IRF-3.  Cell  lines, 
derived  from  U4C  and  p2.1  cells, 
expressing  different  levels  of  IRF-3 
protein  were  infected  with  SeV  and 
analyzed  for  their  expression  of  A20 
and  ISG56.  (A)  Western  blot 
showing  the  relative  levels  of  IRF-3 
expression  in  the  different  cell  lines 
relative  to  actin.  (B)  Percent 
maximum  fold-induction  of  A20 
(white)  and  ISG56  (black)  in  cells 
six  hours  after  infection,  normalized 
to  actin  expression  as  determined  by 
RPA. 


One  of  the  most  interesting  and  surprising  observations  of  this  study  was  that  increased 
levels  of  IRF-3  negatively  affected  induction  of  some  genes  following  SeV  infection.  Using  the 
A20  gene  as  the  sentinel  for  this  group  of  genes,  we  demonstrated  that,  unlike  the  ISG56  gene, 
induction  of  A20  mRNA  was  inversely  related  to  the  level  of  IRF-3  (Figure  16).  As  described 
in  more  detail  in  the  appended  manuscript  (Elco  et  al.,  2005),  this  phenomenon  was  not 
restricted  to  the  U4C  cells  and  its  derivatives;  the  same  trend  was  also  observed  in  wild  type 
HT1080  cells  over-expressing  IRF-3.  It  is  not  clear  how  IRF-3  affects  A20  gene  induction  by 
SeV.  The  promoter  of  this  gene  contains  kB  sites,  but  no  ISRE  and,  as  expected,  its  induction 
required  NFkB,  but  not  IRF-3.  Thus,  probably  the  observed  negative  effect  of  IRF-3  is  expected 
at  some  level  of  the  NFicB-signaling  pathway,  not  at  the  A20  promoter  level.  Further 
investigation  should  reveal  cross-talk  between  the  two  major  virus-activated  signaling  pathways. 

What  are  the  possible  physiological  implications  of  the  above  phenomenon?  SeV  and 
other  viruses  cause  active  and  rapid  degradation  of  IRF-3  in  infected  cells  (Lin  et  al.,  1998). 
Consequently,  the  degree  of  induction  of  genes,  such  as  A20,  can  be  temporally  regulated  in  the 
infected  cells.  Moreover,  the  level  of  IRF-3  expression  varies  greatly  among  different  cell  types 
and  different  tissues  (data  not  shown).  From  the  observations  reported  here  one  can  predict  that 
the  profiles  of  gene  induction,  and  hence  the  outcome  of  virus  infection,  will  also  vary  greatly 
among  different  host  cells.  To  speculate  about  the  possible  cellular  functions  of  the  genes  that 
are  negatively  regulated  by  IRF-3,  it  is  interesting  to  note  that  several  such  as  A20,  CLAP1  and 
CIAP2,  have  anti-apoptotic  functions.  The  encoded  proteins  may  protect  the  infected  cells  from 
the  actions  of  the  pro-apoptotic  proteins  that  are  also  induced  with  virus  infection.  It  has  been 
reported  that  apoptosis  of  virus-infected  cells  is  mediated  by  IRF-3  (Heylbroeck  et  al.,  2000). 
Our  results  suggest  that  this  function  of  IRF-3  may  be  mediated  not  only  by  inducing  pro- 
apoptotic  genes,  but  also  by  suppressing  the  induction  of  anti-apoptotic  genes. 
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D3L-M.  Feasibility  of  large  scale  screening  of  airway  epithelium  exposed  to  biological 
agents  and  Human  Clinical  Samples 

1.  Clinical  Samples. 

We  have  completed  a  proof  of  principle  experiment  to  identify  potential  sentinel 
transcripts  activated  by  the  presence  of  viral  pathogens  infecting  Human  Airway  Epithelial  Cells 
(HAEC).  In  general,  exposures  to  biological  agents  in  bioterrorism  in  humans  occur  first  by  the 
aerosol  route  with  inhalation  into  the  respiratory  system.  However,  the  feasibility  of  using  these 
types  of  samples  for  large-scale  detection  of  exposures  is  unknown.  Our  goals  for  this  funding 
period  included  identification  of  early  biomarkers  of  toxin  exposure  in  human  cells  with  the 
ultimate  objective  being  the  design  of  remediation  techniques  to  remove  toxins  that  contribute 
to  diseases.  In  this  context,  our  objectives  were  to: 

(1)  Provide  sterile  lung  epithelial  cells  for  evaluation  of  feasibility  of  use  of  primary  cells  in 

experiments. 

(2)  Expand  and  maintain  primary  lung  cell  cultures  for  use  in  in  vitro  studies  of  toxin  or 

infectious  agent  exposure. 

Specifically,  these  tasks  allow  access  to  human  clinical  samples  allowing  the  direct  study  of  the 
effects  of  toxins  on  primary  human  cells  and  tissues.  We  are  using  a  lung  sample  repository  that  has 
been  maintained  in  the  Cleveland  Clinic  Lung  Biology  laboratory  over  the  previous  8  years. 
Nontrackable  sample  numbers,  which  are  not  linked  to  the  donor,  are  used  as  unique  nontraceable 
identifiers.  This  task  has  been  successful  during  this  interim  period  in  establishing  the  lung 
epithelial  cells  in  culture,  confirming  epithelial  phenotype,  lack  of  infectious  contaminants,  and 
providing  epithelial  cell  RNA  in  sufficient  quantity  for  microarray  experiments  using  in  vitro 
exposure  of  primary  cells  to  Influenza  (see  Zheng  S  et  al.,  2003  appended). 

Human  airway  epithelial  cells  (HAEC)  are  grown  on  collagen-coated  dishes,  in  specialized 
serum-free  media  (Clonetics).  We  have  shown  that  cell  cultures  of  HAEC  lead  to  pure  epithelial 
monolayer  cultures.  The  epithelial  nature  of  cultured  HAEC  was  confirmed  by  morphology  and 
positive  reactions  to  anti-cytokeratins,  which  are  epithelial  cell  specific.  We  characterize  cells  in 
culture  as  epithelial  using  anti-cytokeratin  stains  [(AE1/3  (Biogenex),  34BE12  (Dako)]  while  we 
have  excluded  contamination  by  mesenchymal  cells,  macrophage,  lymphocyte  cells  by  absence  of 
staining  for  vimentin  (Neomarkers),  CD68  and  CD3  (Dako).  Non-transformed  HAEC  are  limited  to 
-25  population  doublings,  a  culture  span  of  about  1 -month  and  a  maximum  of  4  to  5  passages.  All 
cells  were  mycoplasma  tested  and  confirmed  negative  before  use  in  experiments.  These  cultures  of 
HAEC  were  used  to  determine  gene  expression  changes  elicited  by  either  Influenza  or  Vaccinia 
infection  (see  sections  D3A  1.  and  2.  above). 


L — Discriminating  among  different  viruses  infecting  lung  epithelial  cells  using 
transcript  profiling. 

The  finding  that  influenza-  and  vaccinia  virus-infected  HAEC  gave  very  different  gene 
expression  profiles  (see  sections  D3A  1.  and  2.  above)  encouraged  us  to  use  the  IAD  array  to 
identify  a  vaccinia  virus-specifc  gene  expression  signature  using  data  from  vaccinia  virus-. 
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influenza  virus-  and  parainfluenza  virus-infected  HAEC.  As  shown  in  our  February  2004 
progress  report,  a  list  of  25  genes  was  derived  with  Genespring  6.0  software  using  the  class 
prediction  function  in  which  you  can  ask  for  the  minimum  number  of  genes  that  permit  1 00% 
success  in  assigning  viral  identity  to  a  set  of  gene  expression  profiles  from  viral  infection 
experiments.  A  set  of  profiles  representing  19  different  hybridizations  including  both  biological 
and  technical  replicates  of  vaccinia,  influenza  and  parainfluenza  virus-infected  HAEC  were 
used.  The  data  for  those  25  genes  are  sufficient  to  correctly  assign  viral  identity  to  each  profile. 
This  data  supports  the  major  hypothesis  of  our  grant  proposal,  that  unique  gene  expression 
signatures  will  allow  detection  and  discrimination  of  specific  infectious  agents. 

3.  Impaired  innate  host  defense  causes  susceptibility  to  respiratory  virus  infections 
in  Cvstic  Fibrosis. 

The  application  of  the  IAD  array  has  allowed  us  to  identify  host  factors  in  patients  with 
cystic  fibrosis  (CF)  that  promote  increased  virus  replication  and  cytokine  production  thus 
providing  a  mechanism  for  understanding  the  severity  of  viral  disease  in  CF.  NO  produced  by 
NOS2,  following  its  induction  by  inflammatory  cytokines  acts  as  a  major  effector  in  host 
defense  against  viruses  and  bacteria.  The  expression  of  NOS2  in  healthy  airway  epithelial  cells 
has  been  demonstrated  at  both  the  protein  and  mRNA  level  in  vivo.  CF  airway  epithelial  cells 
are  more  susceptible  to  viral  and  bacterial  infection  because  of  defective  innate  host  defense 
mechanisms  of  NOS2  expression  and  STAT1  activation.  We  hypothesized  that  the  IFN-y 
signaling  pathway  that  leads  to  NOS2  gene  induction  in  CF  airway  epithelial  cells  is  defective. 
In  contrast  to  NOS2,  the  major  histocompatibility  complex  class  2  (MHCII)  gene,  an  IFN-y 
regulated  delayed-responsive  gene,  is  similarly  induced  in  CF  and  non-CF  airway  epithelial  cells 
(NL),  suggesting  a  NOS2  specific  defect  in  the  IFN-y  signaling  pathway.  ST ATI  and  activator 
protein  1  (AP-1),  both  required  for  NOS2  gene  expression,  interact  normally  in  CF  cells.  Protein 
inhibitor  of  activated  STAT1  (PIAS1)  is  not  increased  in  CF  cells.  Interferon-y  induces  NOS2 
expression  in  airway  epithelial  cells  through  an  autocrine  mechanism  involving  synthesis  and 
secretion  of  IFN-y-inducible  mediator(s),  which  activates  STATE  Here,  CF  cells  secrete  IFN-y 
inducible  factorfs)  which  stimulate  NOS2  expression  in  NL  cells,  but  not  in  CF  cells.  In 
contrast,  IFN-y  inducible  factor(s)  similarly  inhibit  virus  in  CF  and  NL  cells.  Thus,  autocrine 
activation  of  NOS2  is  defective  in  CF  cells,  but  IFN-y  induction  of  antiviral  host  defense  is 
intact.  The  results  of  this  work  have  been  published  (Zheng  S.  et  al.,  2003  and  2004,  appended). 

NO  donors  or  NOS2  over-expression  provides  protection  from  virus  infection  in  CF, 
suggesting  that  NO  is  sufficient  for  antiviral  host  defense  in  the  human  airway  and  is  a  potential 
strategy  for  antiviral  therapy  in  CF  children.  The  fact  that  heterozygous  alleles  are  common  in 
the  caucausian  population  gives  cause  for  concern  that  these  individuals  may  be  at  higher  risk 
for  viral  agents  of  bioterriorism  than  the  normal  population.  NO  donors  may  be  useful  as 
antivirals  in  this  instance.  Furthermore,  extension  of  CF  children’s  life  expectancy  occurred 
with  the  introduction  of  antibiotics,  but  also  through  vaccination  against  virus.  For  example, 
vaccination  against  measles  was  one  of  the  earliest  interventions  that  led  to  improved  survival  in 
the  1960’s.  Prior  to  vaccination,  CF  children  who  contracted  measles,  a  virus  like  HPIV3  in  the 
paramyxovirus  family,  had  progressive  decline  in  their  general  condition,  worsening  of 
pulmonary  infections  and  early  death.  These  clinical  observations  taken  together  with  the 
identification  of  enhanced  virus  susceptibility  of  CF  airway  cells  suggest  that  therapies  aimed  at 
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improving  antiviral  host  defense  may  further  delay  the  onset  of  bacterial  colonization  and  extend 
the  life  of  CF  individuals. 

Key  research  accomplishments 

1 .  Successfully  used  arrays  constructed  and  tested  during  the  previous  granting  period  to 
analyze  gene  expression  patterns  in  RNA  extracted  from  whole  blood  from  subjects 
undergoing  orthopox  vaccination  against  smallpox. 

2.  Established  that  infection  of  HAEC  by  different  viruses  results  in  virus-specific  gene 
expression  profiles. 

3.  Established  a  gene  expression  profile  that  can  distinguish  orthopox  infection  from 
commonly  occurring  respiratory  infections. 

4.  Demonstrated  that  the  activity  of  the  Jakl  kinase  impacts  replication  of  Ebola  virus. 

5.  Showed  that  genes  encoding  ribosomal  proteins  are  significantly  and  coordinately 
downregulated  upon  Vaccinia  Virus  infection  of  lung  cell  lines. 

6.  Used  siRNA-mediated  gene  ablation  together  with  gene  expression  analysis  to  determine 
that  Phospholipid  Scramblase  is  required  for  induction  of  a  discrete  subset  of  interferon 
stimulated  genes  and  for  limiting  replication  of  VSV  and  EMCV. 

7.  Demonstrated  our  ability  to  select  single  chain  antibodies  that  efficiently 
immunoprecipitate  cellular  proteins  of  interest. 

8.  Demonstrated  that  Flagellin  is  a  major  regulator  of  inflammatory  responses  in  intestinal 
epithelial  cells,  acting  through  a  pathway  involving  TLR5  and  NFkB. 

9.  Identified  the  bacterial  protein  Flagellin  as  a  novel  radioprotectant. 

10.  Discovered  a  novel  NF-KB-dependent  anti-viral  response  that  determines  virus 
virulence. 

11.  Showed  that  impaired  NOS2  signaling  in  the  airway  epithelium  of  Cystic  Fibrosis 
patients  increases  their  susceptibility  to  respiratory  virus  infections. 

12.  Demonstrated  that  Vaccinia  Virus-mediated  activation  of  NF-kB  is  dependent  upon  the 
double  stranded  RNA  activated  kinase  PKR. 

13.  Identified  roles  for  IFN,  NF-kB  and  IRF-3,  but  not  TLR3,  in  Sendai  virus-mediated  gene 
induction.  We  also  found  that  viral  induction  of  a  subset  of  NFicB-dependent  genes  was 
negatively  regulated  by  IRF-3,  thus  revealing  a  new  aspect  of  cross-talk  between  the  two 
transcription  factors 
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6.  Elco  CP,  Guenther  JM,  Williams  BRG,  Sen  GC  (2005,  in  press).  Analysis  of  genes 
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Conclusions 

A  custom  array  specifically  designed  to  detect  changes  in  cellular  gene  expression  resulting 
from  infection  by  viruses  of  bacteria  has  been  tested  in  a  live  orthopox  virus  vaccination  study. 
While  individual  variations  were  quite  marked,  adverse  events  could  be  detected  as  a  change  in 
profile.  This  study  established  that  RNA  can  be  extracted  from  small  (2-5ml)  quantities  of 
whole  blood  and  exposure  to  a  smallpox  surrogate  detected  using  our  LAD  array.  Furthermore, 
the  utility  of  the  array  in  detecting  early  adverse  events  in  small  samples  of  whole  blood  was 
demonstrated.  While  we  noted  that  there  are  cell  line  specific  responses  in  gene  expression 
profiles  to  infection  with  the  same  virus,  the  infection  of  primary  airway  epithelial  isolated  from 
different  individuals  infected  with  the  same  virus  gave  very  similar  results  suggesting  that  the 
individual  variation  seen  in  RNA  isolated  from  whole  blood  was  not  a  major  factor  in  primary 
airway  epithelial  cells.  A  gene  expression  profile  has  been  established  that  yielded  25  genes  that 
successfully  discriminated  orthopox  virus  infection  from  other  common  respiratory  viruses. 
Accordingly  we  have  succeeded  in  one  of  our  major  objectives,  which  was  to  define  sentinel 
markers  of  infection  with  specific  agents.  In  addition  we  have  made  progress  in  the 
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development  of  antibody  reagents  to  study  cellular  signaling  pathways  utilized  or  impacted  by 
viral  or  bacterial  pathogens.  Our  goal  remains  to  use  these  antibodies  to  construct  a  prototype 
protein  array.  The  combined  use  of  cDNA  microarrays  and  protein  arrays  promises  to  provide  a 
rapid  and  accurate  diagnostic  tool  to  identify  and  manage  exposure  to  pathogenic  biological 
agents.  In  addition,  our  work  has  resulted  in  a  number  of  unanticipated  discoveries  that  have 
revealed  new  areas  for  further  study.  These  include  the  identification  of  potential  therapeutics 
such  as  flagellin,  potential  targets  such  as  PKR  and  novel  signaling  pathways.  Thus  the  funding 
provided  by  this  grant  has  led  to  a  number  of  advances  in  our  understanding  of  the  impact  of 
viral  and  bacterial  agents  on  host  cells.  This  knowledge  provides  a  foundation  that  will 
contribute  to  the  development  of  diagnostic  and  therapeutic  tools  to  deal  with  the  ever- 
increasing  threat  of  biological  agents  to  human  health. 
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Summary 

Viral  infection  is  the  primary  cause  of  respiratory  mor¬ 
bidity  in  cystic  fibrosis  (CF)  infants.  Here,  we  identify 
that  host  factors  allow  increased  virus  replication  and 
cytokine  production,  providing  a  mechanism  for  un¬ 
derstanding  the  severity  of  virus  disease  in  CF.  In¬ 
creased  virus  is  due  to  lack  of  nitric  oxide  synthase  2 
(NOS2)  and  2',  5’  oligoadenylate  synthetase  (OAS)  1 
induction  in  response  to  virus  or  IFNy.  This  can  be 
attributed  to  impairment  of  activation  of  signal  trans¬ 
ducer  and  activator  of  transcription  (STAT)1,  a  funda¬ 
mental  component  to  antiviral  defense.  NO  donor  or 
NOS2  overexpression  provides  protection  from  virus 
infection  in  CF,  suggesting  that  NO  is  sufficient  for 
antiviral  host  defense  in  the  human  airway  and  is  one 
strategy  for  antiviral  therapy  in  CF  children. 

Introduction 

Cystic  fibrosis  (CF)  is  the  most  common  lethal  genetic 
disorder  among  Caucasians,  affecting  an  estimated 
30,000  persons  in  the  US  (Cystic  Fibrosis  Foundation, 
2000).  The  gene  responsible  for  CF  (Kerem  et  ai.,  1989; 
Riordan  et  al„  1 989;  Rommens  et  al.,  1 989)  produces  the 
cystic  fibrosis  transmembrane  conductance  regulator 
(CFTR),  a  polypeptide  of  1 480  amino  acids  with  molecu¬ 
lar  mass  of  168  kDa,  and  function  of  a  cAMP-dependent 
Cl  channel  (Anderson  et  al.,  1 991 ;  Sheppard  and  Welsh, 
1999).  CF  is  characterized  by  chronic  lung  infections 
with  bacteria,  mostly  Pseudomonas  aeruginosa,  intense 
neutrophil-dominated  airway  inflammation,  and  pro¬ 
gressive  lung  disease,  which  is  the  major  cause  of  mor¬ 
bidity  and  mortality.  Bacterial  colonization  of  CF  lung  is 
usually  established  in  the  first  decade  of  life  (Rosenfeld 
and  Ramsey,  1992).  Little  is  known  about  the  factors 
associated  with  initial  colonization  in  CF  lung,  but  viral 
infections  predispose  CF  lung  to  bacterial  colonization. 
Although  chronic  bacterial  infection  occurs  in  older  CF 
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children,  39%  of  CF  children  in  the  first  year  of  life  are 
hospitalized  with  respiratory  compromise  related  to  re¬ 
spiratory  virus  infection.  Furthermore,  individuals  hospi¬ 
talized  with  respiratory  symptoms  during  infancy  are  six 
times  more  likely  to  acquire  Pseudomonas  aeruginosa 
during  early  childhood  (Armstrong  et  al.,  1998).  Studies 
show  a  relationship  between  viral  respiratory  tract  infec¬ 
tion  with  respiratory  syncytial  virus,  parainfluenza  virus, 
and  influenza  virus  and  pulmonary  exacerbation  and 
disease  progression  in  CF  children  (Hiatt  et  al.,  1999; 
Hordvik  et  al.,  1989;  Petersen  et  al.,  1981;  Wang  et  al., 
1 984).  Although  CF  patients  have  no  higher  incidence 
of  viral  infection,  severity  of  viral  infection  is  amplified. 

The  innate  antiviral  response  of  human  cells  involves 
distinct  cellular  programs  (lordanov  et  al.,  2001).  In  the 
presence  of  dsRNA,  a  common  viral  intermediate,  2', 
5'  oligoadenylate  synthetase  (2’,  5'  OAS),  and  dsRNA- 
dependent  protein  kinase  (PKR)  promote  inhibition  of 
host  cell  protein  synthesis  by  activating  RNase  L  to 
degrade  viral  and  cellular  RNA  and  by  phosphorylating 
the  a  subunit  of  translation  initiation  factor,  elF2,  to 
block  its  recycling  from  an  inactive  form,  respectively. 
This  prevents  viral  replication,  eventually  leading  to  the 
self-elimination  of  the  infected  cell  via  apoptosis.  This 
program  is  probably  most  efficient  for  viral  infections 
that  are  initiated  by  a  small  number  of  infected  cells 
at  a  local  site  of  virus  entry.  A  second  program  is  the 
production  of  antiviral  interferons  (IFN)  by  mucosal  cells 
and  serves  the  purpose  of  preparing  adjacent  naive  cells 
for  resistence  to  viral  invasion.  This  program  requires 
survival  of  infected  cells  and  expression  of  antiapoptotic 
genes  through  activation  of  nuclear  factor-KB  (NF-kB) 
transcription  factor.  NF-kB  and  interferon  regulatory 
factors  (IRF)  3  and  7  are  required  for  production  of  type 
1  interferons  (Grandvaux  et  al.,  2002).  Subsequently,  IFN 
induces  antiviral  pathways  including  PKR,  2',  5'  OAS/ 
RNase  L  system,  and  Mx  proteins  (Samuel,  1 991 ;  Stark 
et  al.,  1 998).  Mx  proteins  are  IFN-inducible,  high-abun¬ 
dance  GTPases  which  interfere  with  viral  replication, 
impairing  the  growth  of  negative-strand  RNA  viruses  at 
the  level  of  viral  transcription  and  other  steps  (Stark  et 
al.,  1 998).  dsRNA  or  IFN-7  are  also  potent  activators  of 
nitric  oxide  synthase  2  (NOS2)-  and  nitric  oxide  (NO)- 
dependent  antiviral  pathways.  High-level  NO  synthesis 
results  in  a  large  variety  of  reactive  products,  which  can 
inhibit  viral  replication  by  modifying  a  number  of  target 
molecules  essential  for  replication  (Biron,  1999).  STAT1, 
a  member  of  a  family  of  proteins  that  transduce  signals 
from  cell  surface  receptors  to  the  nucleus  and  activate 
transcription  by  binding  directly  to  regulatory  DNA  ele¬ 
ments,  is  essential  for  host  antiviral  defense.  IFN-«  and 
IFN--V  lead  to  phosphorylation  of  STAT1  and  binding  to 
unique  elements  in  a  number  of  IFN-stimulated  genes 
(ISGs),  activating  transcription  (Haque  and  Williams, 
1998).  Although  many  antiviral  genes  are  induced  or 
activated  in  direct  response  to  viral  dsRNA,  fundamental 
components  of  antiviral  defense  are  activation  of  PKR, 
2',  5'  OAS,  and  NOS2  via  the  IFN/STAT1  pathways.  In 
support  of  this,  STAT1 -deficient  mice,  which  display 


Immunity 

620 


Figure  1.  Increased  HPIV3  Replication  in  CF  Cells 

(A)  Phase  contrast  picture  of  NL  and  CF  cells,  uninfected  (upper  panels)  or  24  hr  after  HPIV3  infection  (middle  panels)  and  immunoflurescence 
staining  for  HPIV3  NP  24  hr  postinfection  (lower  panels)  (n  =  3).  Bars,  100  |im. 

(B)  Equal  amounts  (20  |xg)  of  “S-methionine-labeled  new  protein  synthesized  in  NL  and  CF  cells  were  immunoprecipitated  by  HPIV3  anti-RNP 
antibody  and  loaded  in  each  lane  (n  =  3). 


a  complete  lack  of  responsiveness  to  IFN,  are  highly 
sensitive  to  infection  by  virus  (Durbin  et  al.,  1 996;  Meraz 
et  al.,  1996). 

In  this  context,  we  hypothesized  that  CF  airway  epi¬ 
thelial  cells  may  be  less  effective  in  eliminating  viral 
infection  due  to  an  impairment  of  the  antiviral  host  de¬ 
fense  mechanisms  in  CF  lung.  Here,  we  show  that  CF 
airway  epithelial  cells  allow  increased  replication  of 
parainfluenza  virus  and  an  increased  production  of  pro- 
inflammatory  cytokines.  Investigation  of  the  innate  and 
interferon  (IFN)-mediated  antiviral  pathways  reveals  that 
the  antiviral  pathway  of  nitric  oxide  synthesis  is  absent 
in  CF.  Furthermore,  upregulation  of  2',  5'  OAS1  does 
not  occur  in  CF  cells  in  response  to  IFN  or  dsRNA.  This 
can  be  attributed  to  impaired  STAT1  activation,  which 
may  be  a  central  mechanism  responsible  for  the  defi¬ 
ciencies  in  CF  antiviral  host  defense. 

Results 

Increased  Viral  Replication  in  CF 
CF  and  normal  (NL)  human  airway  epithelial  cells  (HAEC) 
were  infected  with  human  parainfluenza  virus  3  (HPIV3) 
(0.1  moi)  and  syncytia  (cell-cell  fusion)  formation  evalu¬ 
ated  (Figure  1A).  Cell-cell  fusion  was  increased  in  CF 
cells  compared  to  NL  24  hr  after  infection  (middle  panel). 


Immunofluoresent  staining  for  HPIV3  N-protein  (NP)  re¬ 
vealed  greater  size  and  number  of  syncytia  containing 
virus  in  CF  cells  (lower  panel).  To  confirm  that  the  NP 
present  in  the  cell  lysate  was  from  viral  replication  and 
not  from  added  virus,  new  protein  synthesized  was  eval¬ 
uated  by  35S-methionine  incorporation  followed  by  SDS 
polyacrylamide  gel  electrophoresis  of  cell  lysates  immu¬ 
noprecipitated  with  anti-RNP  antibody  which  recog¬ 
nizes  HPIV3  NP.  NP  was  detected  at  —2-fold  higher  level 
in  CF  than  NL  (Figure  IB). 

IFN  Pretreatment  Protects  CF  Cells  from  Virus 
First  identified  because  of  their  ability  to  interfere  with 
virus  replication,  IFNs  are  fundamental  in  host  antiviral 
defense  (Biron,  1999;  Briscoe  et  al.,  1996;  Durbin  et 
al.,  1996;  Grandvaux  et  al„  2002;  Isaacs  et  al.,  1957; 
Karaghiosoff  et  al.,  2000;  Karupiah  et  al.,  1993;  Samuel, 
1991;  Stark  et  al.,  1998).  To  investigate  IFN  antiviral 
effects  in  CF,  CF  cells  were  pretreated  with  1 000  U/ml 
IFN-o,  IFN-y,  or  no  cytokine  for  24  hr,  and  then  infected 
with  HPIV3  (0.1  moi).  Syncytia  formation  was  prevalent 
in  untreated  CF  cells  (Figure  2A,  upper-right  panel),  but 
pretreatment  with  IFN-a  or  IFN-y  prevented  viral  syncy¬ 
tia  formation  (Figure  2A,  lower  panels).  Evaluation  of 
HPIV3  N-mRNA  expression  revealed  that  more  virus 
N-mRNA  was  formed  in  infected  CF  than  in  NL  cells, 
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Figure  2.  IFN  Pretreatment  Protects  CF  Cells  from  HPIV3  Infection 

(A)  Phase  contrast  pictures  of  CF  cells,  untreated  (upper-left  panel),  infected  with  HPIV3  (upper-right  panel),  or  pretreated  with  lFN-a  (lower- 
left  panel)  or  IFN-y  (lower-right  panel)  24  hr  before  HPIV3  infection  (n  =  2).  Bars,  100  |im. 

(B)  Infectious  viral  particles  in  media  overlying  cells  untreated  or  pretreated  with  IFN-a  (1000  U/mi)  or  IFN-y  (1000  U/ml)  measured  by  plaque 
assay  [plaque  forming  units  (pfu)/ml  x  1 0’]  after  HPIV3  infection  (0.1  moi).  Infectious  viral  particles  are  higher  titer  in  media  overlyinq  CF  cells 
(n  =  5)  than  NL  (n  =  3)  [p  =  0.015]. 


and  IFN-a  or  IFN-y  pretreatment  significantly  reduced 
the  N-mRNA  in  both  NL  and  CF  cells  (data  not  shown). 
Media  overlying  cells  were  evaluated  for  infectious 
HPIV3  particles  by  plaque  assay.  CF  produced  ~6-fold 
more  infectious  HPIV3  as  compared  to  NL  (CF:  53  ±  15, 
range  30~70,  n  =  5;  NL:  8  ±  2,  range  6~1 0,  n  =  3  [X103 
pfu/ml]).  IFN-a  and  IFN-y  pretreatment  reduced  virus  in 
CF  to  NL  levels  (Figure  2B).  Innate  antiviral  pathways  in 
NL  cells  appeared  effective  in  eliminating  viral  replica¬ 
tion,  but  IFN  pretreatment  reduced  viral  load  by  ~1 .5- 
fold.  IFN-a  and  IFN-y  pretreatment  reduced  virus  in  CF 
by  7-  and  5-fold,  respectively  (p  <  0.05,  student’s  t  test). 

Increased  viral  replication  may  result  in  an  increase 
in  proinflammatory  cytokine  production  and  contribute 
to  severity  of  virus  infection  in  vivo  (Matsukura  et  a!., 
1996;  Zhu  et  al.,  1996).  Thus,  cytokine  production  by 
cells  was  evaluated.  Supernatant  from  CF  cells  24  hr 
after  HPIV3  infection  had  higher  IL-6  and  IL-8  compared 
to  NL,  although  baseline  levels  were  similar  [(baseline: 
IL-6  pg/ml,  CF  13  ±  1,  NL  12  ±  2;  IL-8  pg/ml,  CF  195  ± 
87,  NL  164  ±  30;  n  =  3,  p  >  0.05  CF  versus  NL),  (24  hr 
postinfection:  IL-6  pg/ml,  CF  2568  ±  1996,  NL  208  ± 
62;  IL-8  pg/ml,  CF  11920  ±  8606,  NL  2822  ±  245,  n  = 
3,  p  <  0.05,  24  hr  comparison,  CF  versus  NL,  Mann- 
Whitney  test)]. 


Expression  of  Antiviral  Proteins  in  CF 
CF  and  NL  cells  infected  with  HPIV3  (0.1  moi)  or  treated 
with  IFN-a  for  24  hr  expressed  MxA.  IFN-a  induced 
higher  MxA  compared  to  HPIV3,  while  IFN-y  did  not 


induce  MxA  (Figure  3A).  MxA  was  produced  at  later 
times  after  HPIV3  infection  as  compared  to  IFN-a  stimu¬ 
lation  (data  not  shown).  IFN-a  is  synthesized  by  lung 
epithelial  cells  after  viral  infection  (Gao  et  al.,  1 999),  and 
virus-induced  MxA  expression  is  likely  a  consequence 
of  IFN-a  (Pavlovic  et  al.,  1 992;  Ronni  et  al.,  1 997).  Similar 
levels  of  IFN-a  were  produced  by  CF  and  NL  in  response 
to  virus,  reaching  peak  levels  in  media  overlying  cells 
by  6  hr  postinfection  (data  not  shown). 

Western  analyses  for  IRF-1,  PKR,  RNase  L,  and  2',  5' 
OAS1  were  performed  with  cell  lysates  collected  at  4, 
1 6,  and  24  hr  after  stimulation  with  virus  mimic,  dsRNA, 
or  IFN-y.  PKR  and  IRF-1  were  induced  by  IFN-y  and 
polylC  in  both  NL  and  CF.  RNase  L  did  not  change 
before  or  after  stimulation  but  was  present  in  both  cell 
types.  Although  NL  cells  increased  2',  5’  OAS1  after 
stimulation,  CF  cells  failed  to  upregulate  expression  of 
2',  5'  OAS1  (Figure  3B).  Viral  induction  of  NOS2  in  CF 
and  NL  was  assessed  24  hr  after  HPIV3  infection  (0,  0.2, 
0.4,  1 .0  moi).  NL  showed  a  dose-dependent  induction 
of  NOS2  by  HPIV3,  but  CF  had  no  detectable  NOS2. 
Expression  of  MxA  confirmed  the  presence  of  viral  infec¬ 
tion  (Figure  3C).  Reverse  transcription  of  RNA  and  poly¬ 
merase  chain  reaction  of  cDNA  (RT-PCR)  analysis  of 
NOS2  mRNA  in  CF  and  NL  confirmed  lack  of  NOS2 
induction  in  CF  in  response  to  HPIV3  (data  not  shown). 

Early  in  virus  infection,  host  defenses  including  NOS2 
may  be  induced  by  dsRNA  through  PKR  signaling  path¬ 
ways,  independent  of  IFN-y,  in  NL  cells  (Uetani  et  al., 
2000).  However,  by  24  hr  after  infection,  large  amounts 
of  IFN-y  are  produced  which  lead  to  activation  of  numer¬ 
ous  downstream  target  genes.  Specifically,  IFN-y  is  a 
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Figure  3.  Impaired  Antiviral  Pathways  in  CF  Cells 

(A)  Western  analysis  of  MxA  in  CF  and  NL  cells,  untreated,  infected  with  HPIV3  (0.1  moi),  or  stimulated  by  IFN-a  (1000  U/ml)  or  IFN-y  (1000 
U/ml)  for  24  hr  (n  =  2). 

(B)  Western  analysis  of  PKR,  IRF-1,  RNase  L,  and  2',  5'-  OAS1  in  CF  and  NL  cells,  untreated,  or  treated  with  IFN-y  (1000  U/ml),  polylC  (100 
ng/ml),  or  by  mixture  of  IFN-y  and  polylC  (n  =  3). 

(C)  Western  analysis  for  NOS2  and  MxA  in  NL  and  CF  cells,  uninfected  and  infected  with  HPIV3  (n  =  2). 

(D)  Northern  analysis  for  N0S2  in  total  RNA  (4  ng/lane)  from  CF  or  NL  cells  24  hr  after  IFN-y  stimulation.  Total  RNA  (5  |ig/lane)  from  A549  cells  8 
hr  after  stimulation  with  1CF  U/ml  IFN-y,  0.5  ng/ml  IL-1  p,  and  10  ng/ml  TNF-a  (cytokine  mixture,  CK)  was  used  as  positive  control  (n  =  2). 

(E)  Western  analysis  of  N0S2  protein  in  cell  lysate  (50  p.g  total  protein/lane)  from  NL  or  CF  cells  24  hr  after  IFN-y  stimulation  (n  3). 


potent  inducer  of  NOS2  gene  expression  in  normal  hu¬ 
man  airway  cells  (Guo  et  al.,  1 997;  Uetani  et  al.,  2000). 
Here,  Northern  analysis  of  NOS2  expression  revealed 
that  NL  cells  expressed  NOS2  mRNA  upon  IFN-y  expo¬ 
sure,  while  CF  cells  did  not  (Figure  3D).  Western  analysis 
of  proteins  extracted  at  different  time  points  after  IFN-y 
stimulation  showed  that  NL  produced  NOS2  protein  as 
early  as  1 6  hr,  while  CF  had  no  detectable  NOS2  (Figure 
3E).  We  also  tested  induction  of  NOS2  by  polylC,  and 
combinations  of  cytokines  (IFN-y,  IL-1 3,  TNF-a)  in  repli¬ 
cate  experiments  (n  =  3).  NOS2  was  not  induced  in  CF 
cells  by  any  combination  of  stimuli  (data  not  shown). 


Similar  IFN  Response  in  CF  and  NL  Cells 
Based  upon  findings  of  defective  induction  of  two  antivi¬ 
ral  pathways,  we  expanded  evaluation  of  the  IFN  re¬ 
sponse  in  CF.  We  compared  gene  expression  profiles 
in  CF  and  NL  at  baseline  (Figure  4A)  and  8  hr  after  IFN 
(Figures  4B  and  4C)  by  a  custom-constructed  ISG/AU/ 
dsRNA  cDNA  microarray,  which  contains  2921  genes 
specific  for  viral  and  IFN  responses.  IFN  responses  were 
similar  between  CF  and  NL  with  only  0.9%  and  0.5% 
difference  in  IFN-a-  and  IFN-y-induced  changes  in  gene 
expression  (correlation  of  CF  to  NL  response:  IFN-a  R2  = 
0.931 ;  IFN-y  R2  =  0.940).  IFN-a  induced  81  genes  and 
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Figure  4.  Gene  Expression  Profile  of  CF  and  NL  Cells 

(A)  Baseline  gene  expression  of  CF  cells  compared  to  NL.  (B)  Gene  expression  8  hr  after  IFN-a  or  (C)  IFN-y  treatment  in  CF  cells. 


repressed  68  genes;  IFN--y  induced  27  genes  and  re¬ 
pressed  33  genes.  This  similarity  of  CF  response  to  NL 
accounts  for  the  effectiveness  of  IFN  pretreatment  in 
inhibiting  virus  replication  in  CF  cells.  On  the  other  hand, 
a  baseline  comparison  between  CF  and  NL  evaluated  by 
ISG/AU/dsRNA  microarray  identified  226  differentially 
expressed  genes.  In  CF  cells,  136  genes  (4.6%  of  total 
genes)  were  2-fold  upregulated,  and  90  genes  (3%  of 
total  genes)  were  2-fold  downregulated  as  compared  to 
NL.  This  baseline  difference  was  confirmed  by  tran- 
scriptosome  analysis  on  Affymetrix  HG-U133A  Gene- 
Chips.  Table  1  highlights  the  genes  that  are  different 
(al  .2-fold  change)  and  relevant  to  IFN,  antiviral  effects, 
and/or  NOS2  induction.  Notable  findings  include  de¬ 
creased  JAK1 ,  a  receptor-associated  kinase  essential 
for  IFN  signaling,  and  increased  IRF2,  a  competitive 


inhibitor  of  IRF-1 .  Both  genes  are  key  to  antiviral  defense 
and  specifically  to  NOS2  induction  (Briscoe  et  al.,  1 996; 
Kamijo  et  al.,  1 994;  Nelson  et  al.,  1993).  The  2',  5'  OAS1 
was  also  lower  in  CF  at  baseline,  confirming  the  Western 
blot  analysis  (Figure  3B). 

Transcription  Factors  in  CF 

Further  experiments  were  performed  to  investigate  the 
mechanism  of  deficiency  of  antiviral  host  defense  in  CF, 
and  specifically  the  reduced  NOS2  expression  in  CF.  To 
evaluate  signal  transduction  proteins  IRF-1  and  NF-kB, 
which  are  important  to  the  host  antiviral  response  in¬ 
cluding  NOS2  induction,  we  treated  CF  and  NL  with 
IFN-y  (1 03  U/ml),  tumor  necrosis  factor-a  (TNF-a)  (1 0  ng/ 
ml),  or  synthetic  dsRNA  (polylC)  (100  ng/ml)  as  a  mimic 
of  virus  infection,  then  the  transcription  factor  activation 


Table  1.  Gene  Expression  in  CF  Cells  Relative  to  NL  at  Baseline 


UniGene 

Gene  Description 

Ratio  CF/NL 

Genebank 

Cytokine-Related  Genes 

Hs.9391 3 

IL-6:  interleukin  6 

3.1 

NNL000600 

Hs.624 

IL-8:  interleukin  8 

2.22 

NM_000584 

Hs.1722 

IL-1  «:  interleukin  1  a 

3.13 

Ml 5329 

Hs.2851 1 5 

IL-13  receptor,  a  1 

1.42 

U81380 

Hs.25954 

IL-1 3  receptor,  a  2 

2.26 

NM_000640 

Hs.1 96384 

PTHS2:  prostaglandin-endoperoxide  synthase  2 

2.59 

NM_000963 

Hs.372783 

SOD  2:  superoxide  dismutase  2,  mitochondrial 

2.79 

XI 51 32 

Hs.211600 

TNFAIP3:  tumor  necrosis  factor  a  3 

1.51 

AI738896 

Interferon/Virus-Related  Genes 

Hs  83795 

IRF  2:  interferon  regulatory  factor  2 

1.33 

NM_0021 99 

Hs  115541 

JAK2:  Janus  kinase  2 

2.00 

AF001362 

Hs.86958 

IR-2:  interferon  receptor  2 

>2 

L41944 

Hs.1 79972 

IFI  a:  interferon  a-induced  protein 

1.30 

NM_018011 

Hs.50651 

JAK  1 :  Janus  kinase  1 

<0.5‘ 

Hs.82396 

2’,  5’  OAS1:  2',  5'-oligoadenylate  synthetase  1 

0.43 

NM  002534 

Apoptosis 

Hs.381231 

caspase  8 

>2 

NM_001 28 

Hs.9216 

Others 

caspase  7 

1.75 

NM_001 227 

Hs.234642 

AP03:  aquaporin  3 

0.47 

NMJ104925 

Hs.89603 

MUC1 :  mucin  1 

0.37 

NM_002456 

*  Ratio  from  cDNA  microarray  data.  Gene  expression  level  is  below  detection  limit  on  Affymetrix  genechip.  All  other  ratios  are  from  Affymetrix 
genechip. 
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analyzed  in  whole-cell  extract  (WCE)  by  electrophoretic 
mobility  shift  assay  (EMSA).  In  contrast  to  previous  re¬ 
ports  of  reduced  IRF-1  expression  in  whole  lungs  of  CF 
mice  (Kelley  and  Elmer,  2000;  Widdicombe,  2000),  IRF-1 
was  strongly  activated  by  IFN-y  in  both  CF  and  NL.  Its 
activation  by  TNF-a  or  polylC  was  weaker  but  similar  in 
CF  and  NL  (Figure  5A).  Similarly,  NF-kB  was  activated 
by  dsRNA  or  TNF-a  in  both  CF  and  NL  (Figure  5B). 
Quantitation  of  total  NF-kB  (p65  and  p50)  showed  no 
difference  between  CF  and  NL  (NF-kB  relative  units: 
nonstimulated,  CF  990  ±  380,  NL  1090  ±  360;  IFN-y, 
CF  970  ±  490,  NL  1240  ±  350;  polylC,  CF  2000  ±  310, 
NL  2670  ±  280;  TNF-a  CF  3250  ±  140,  NL  4130  ±  790; 
n  =  3,  all  p  >  0.05). 

Activation  of  STAT1  is  essential  for  NOS2  expression 
and  the  antiviral  response  (Gao  et  al.,  1997;  Guo  et  al., 
1 997;  Heitmeier  et  al.,  1 999).  To  evaluate  STAT1 ,  CF  and 
NL  were  exposed  to  IFN-y  (103  U/ml)  for  30  min,  then 
WCE  collected  and  analyzed  by  EMSA  with  32P-labeled 
GAS  oligo  duplex.  CF  had  lower  STAT1  activation  com¬ 
pared  to  NL  (Figure  5C).  Impairment  of  STAT1  activation 
was  consistent  in  CF,  and  -  -60%  of  NL  (Figure  5D). 
STAT1  is  important  for  not  only  NOS2  expression,  but 
also  for  STAT1  itself.  To  evaluate  STAT1  production  in 
CF,  CF  and  NL  cells  exposed  to  IFN-y  for  24  hr  were 
evaluated  by  Western  blot  using  rabbit  polyclonal  anti- 
STAT1  Ab.  2fTGH  and  U3A,  human  fibroblast  cell  lines 
with  and  without  expression  of  STAT1  (Muller  et  al., 
1 993),  were  used  as  positive  and  negative  controls  for 
STAT1  expression.  Baseline  STAT1  protein  in  CF  was 
less  than  NL,  and  24  hr  after  IFN-y,  NL  expressed  more 
STAT1  than  CF  (Figure  5E).  STAT1  protein  in  CF  was 
only  53%  of  that  in  NL  (CF  -  1 .6  ±  0.7,  NL  =  3.0  ±  1 .3, 
n  =  4,  p  <  0.05).  Furthermore,  after  IFN-y  stimulation, 
STAT1  in  CF  was  significantly  lower  than  NL  (CF  =  5.1  ± 
0.6,  NL  =  10.6  ±  2.0,  p  <  0.01)  (Figure  5F). 

Overexpression  of  NOS2  or  NO  Donor  Protects  CF 
from  Virus 

Previous  work  suggests  that  loss  of  NOS2  expression 
in  cells  leads  to  increased  susceptibility  to  viral  infection 
(Flodstrom  et  al.,  2001 ;  Karupiah  et  al.,  1 998;  Noda  et  al., 
2001).  Induction  of  NOS2  prior  to  infection  is  associated 
with  inhibition  of  viral  replication  (Reiss  and  Komatsu, 
1998;  Sanders,  1999).  Since  CF  cells  are  unable  to  ex¬ 
press  NOS2,  NOS2  expression  construct  or  NO  donors 
were  used  to  correct  the  NO  deficiency.  We  introduced 
NOS2-transgene  into  CF  cells  by  transfecting  the  cells 
with  NOS2  expression  plasmid  (pCCF37).  Control  CF 
cells  were  transfected  with  reverse  sequence  NOS2 
(R-NOS2)  plasmid  (pCCF38),  or  liposome  reagent  with¬ 
out  plasmid,  or  left  untreated.  All  cells  were  infected  with 
HPIV3  (0.5  moi)  24  hraftertransfection.  Alternatively,  two 
types  of  NO  donors,  S-nitroso-N-acetyl  penicillamine 
(SNAP)  or  deta  NONOate,  were  added  to  cells  at  the  time 
of  viral  infection.  NOS2  was  expressed  in  CF  transfected 
with  pCCF37  but  not  in  control  CF  cells  (Figure  6A). 
Indicative  of  viral  production,  HPIV3  NP  was  present  in 
untreated  and  control  transfected  cells  but  not  in  CF 
cells  expressing  the  NOS2  transgene.  Quantitated  as 
nitrite  and  nitrate  in  the  media,  NO  production  in  CF 
cells  transfected  with  NOS2  transgene  was  similar  to 


levels  produced  by  NL  cells  stimulated  with  IFN-y 
[NOz  +N03  (hM):  CF  cells  +  NOS2  transgene,  8.0  ± 
1.0;  NL  cells  +  IFN-y,  9.5  ±  0.5].  NO  donor  compounds 
produced  higher  levels  of  NO  in  the  media  [N02  +  N03~ 
(^M):  SNAP,  50  ±  20;  detaNO,  29  *  1],  NO  donors  SNAP 
and  deta  NONOate,  decreased  viral  load  ~2.5-fold. 
Strikingly,  CF  cells  transfected  with  NOS2  transgene 
(pCCF37)  had  nearly  undetectable  infectious  virus  in  the 
overlying  media  (Figure  6B).  NOS2  overexpression  may 
be  more  efficient  than  NO  donors  because  NOS2  trans¬ 
gene  provides  continuous  generation  of  intracellular  NO. 

Discussion 

Here,  CF  airway  epithelial  cells  are  shown  at  the  cellular 
level  to  be  more  susceptible  to  HPIV3  infection  than  NL. 
Increased  virus  is  due  to  lack  of  specific  antiviral  host 
defense  in  CF,  including  NOS2  and  2',  5'  OAS  1  which 
may  be  attributed  to  impairment  of  activation  of  STAT1 . 
In  support  of  the  biological  relevance  of  -6-fold  in¬ 
crease  of  virus,  murine  studies  have  shown  that  loss  of 
innate  host  defenses  leads  to  a  moderate  increase  in 
virus,  but  significantly  more  severe  clinical  outcomes 
(Flodstrom  et  al.,  2001;  Kosugi  et  al.,  2002;  Noda  et  al., 
2001 ;  Xiang  et  al.,  2002;  Zhou  et  al.,  1 999).  For  example, 
even  though  the  increase  of  virus  is  modest  in  organs 
of  NOS2-deficient  (NOS2  '  )  mice  with  cytomegalovirus 
(Noda  et  al.,  2001)  or  coxsackievirus  B4  (Flodstrom  et 
al.,  2001)  as  compared  to  wild-type,  the  NOS2  knock¬ 
out  mice  have  higher  mortality  and  decreased  virus 
clearance.  Likewise,  CMV  replication  is  only  moderately 
enhanced  as  evidenced  by  5-fold  increase  in  viral  titers 
in  mice  pretreated  with  a  specific  inhibitor  of  NOS2,  but 
this  results  in  viral  persistence  and  latency  (Kosugi  et 
al.,  2002).  Mice  triple  deficient  in  Mx,  RNase  L,  and  PKR 
have  increased  susceptibility  to  virus,  although  viral  ti¬ 
ters  are  not  significantly  elevated  in  tissues  (Xiang  et 
al.,  2002;  Zhou  et  al.,  1999).  More  severe  clinical  out¬ 
comes  with  modest  increase  of  virus  may  occur  due 
to  inherent  viral  properties  and/or  altered  host  cellular 
response  (Garcia-Sastre,  2001, 1998;  Seo  et  al.,  2002). 
For  example,  virulence  may  be  increased  with  moder¬ 
ately  higher  titers  due  to  more  efficient  inhibition  of  host 
antiviral  pathways.  Conversely,  greater  activation  of  sig¬ 
naling  pathways,  such  as  NF-kB,  due  to  increased 
dsRNA  produced  during  increased  viral  replication,  may 
amplify  proinflammatory  cytokine  production  (Matsu- 
kura  et  al.,  1 996;  Zhu  et  al.,  1 996).  In  this  study,  CF  cells 
released  more  IL-6  and  IL-8  than  NL  in  response  to  virus. 
Higher  levels  of  IL-6  and  IL-8,  which  are  involved  in 
neutrophil  accumulation  and  degranulation  and  contrib¬ 
ute  to  greater  airway  inflammation  and  more  severe  re¬ 
spiratory  symptoms  with  virus  (Matsukura  et  al.,  1996; 
Zhu  et  al.,  1996).  For  example,  severity  of  clinical  symp¬ 
toms  with  rhinovirus  is  primarily  related  to  high  levels 
of  IL-6  in  nasal  secretions  (Zhu  et  al.,  1996).  CF  airways, 
even  in  infants,  contain  higher  levels  of  proinflammatory 
cytokines,  particularly  IL-6  and  IL-8,  irrespective  of  bac¬ 
terial  colonization  (Aldallal  et  al.,  2002;  Noah  et  al.,  1 997). 
Thus,  it  has  been  hypothesized  that  inflammation  is  in¬ 
trinsic  to  the  CF  neonatal  airway  prior  to  infection.  Here, 
baseline  IL-6  and  IL-8  secretion  are  similar  in  CF  and 
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Figure  5-  Activation  and  Expression  of  Transcription  Factors  in  CF  Cells 

(A)  WCE  (4  pg)  from  CF  and  NIL  cells,  untreated  or  treated  with  TNF-a,  polylC,  or  by  IFN-y  for  3  hr  were  evaluated  fcr  IRF-1  by  EMSA  (n  =  4). 

(B)  NF-kB  activation  was  evaluated  by  EMSA  in  cells  stimulated  with  TNF-a,  polylC,  or  by  IFN-y  for  1  hr  (n  =  3) 

and  NL  cells  were  stimulated  with  IFN-y  for  30  min  and  WCE  collected  to  evaluate  for  STAT1  activation  by  EMSA.  IFN-y-stimulated 
A549  was  a  positive  control,  and  supershift  with  anti-STATI  (p91)  and  competition  with  unlabeled  GAS  probe  confirmed  presence  of  STAT1 
in  the  complex. 

(D)  STAT1  activation  at  different  times  was  quantitated  in  four  independent  EMSA  experiments,  which  were  averaged  and  expressed  as 
relative  units  normalized  to  NL  value  at  2  hr. 

(E)  Cell  lysate  (20  |i.g  total  protein/lane)  from  CF  or  NL  24  hr  after  IFN-y  stimulation  was  evaluated  for  STAT1  (p91)  expression  by  Western 
analysis.  Lysates  from  2fTGH  and  U3A  were  used  as  positive  and  negative  controls. 

(F)  Quantitation  of  Western  analysis  of  STAT1  expression  in  cell  lysate  from  four  pairs  of  NL  and  CF  cells,  unstimulated  or  24  hr  after  IFN-y. 


NL,  but  IL-6  and  IL-8  mRNA  are  higher,  which  may  ac¬ 
count  for  the  greater  release  of  cytokines  upon  viral 
infection.  Thus,  vims  may  be  one  stimulus  for  the  in¬ 


creased  cytokine  production  in  CF  airways.  Taken  to¬ 
gether,  the  susceptibility  of  CF  infants  to  vims  may  be 
explained  by  increased  vims  and  cytokine  production, 
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Figure  6.  NOS2  Overexpression  or  NO  Donors  Protect  OF  Cells  from 
HPIV3  Infection 

(A)  Western  analysis  for  N0S2  and  HPIV3  NP  in  CF  cells  infected 
by  HPIV3,  transfected  with  NOS2  expression  construct  (NOS2, 
PCCF37),  exposed  to  reagent  alone,  or  transfected  with  reverse 
sequence  NOS2  expression  construct  (R-NOS2,  pCCF38)  24  hr  prior 
to  infection  (n  =  2). 

(B)  Plaque  assay  using  media  overlying  CF  cells  24  hr  after  HPIV3 
infection  (0.5  moi).  24  hr  prior  to  infection,  CF  cells  were  transfected 
with  N0S2  expression  construct  (NOS2,  pCCF37),  reverse  sequence 
NOS2  expression  construct  (R-NOS2,  pCCF38),  reagent  alone  (lipo¬ 
some),  or  left  untreated.  At  the  time  of  infection,  some  untreated  CF 
cells  were  exposed  to  NO  donors,  SNAP,  or  deta  NONOate  (detaNO). 
Untreated  cells  have  higher  titer  of  infectious  virus  production  than 
cells  with  NOS2-transgene  or  with  NO  donors  [n  =  3,  *p  <  0.02]. 

which  results  in  greater  airway  inflammation  and  the 
severe  respiratory  symptoms  of  CF  infants  with  virus 
infection. 

Despite  defects  in  antiviral  defenses,  pretreatment 
with  IFNs  protected  CF  from  virus.  The  biologic  conse¬ 
quences,  including  antiviral  effects,  of  IFN  are  mediated 
by  multiple  independent  genes.  Induction  of  over  600 
genes  has  been  identified  in  response  to  IFNs  (de  Veer 
et  al.,  2001).  Thus,  it  is  difficult  to  assign  IFN  antiviral 
action  to  any  specific  gene.  Redundancy  of  antiviral 
defense  is  supported  by  the  fact  that  pretreatment  with 
exogenous  IFN  leads  to  a  protective  antiviral  state  de¬ 
spite  defects  in  various  antiviral  pathways.  However,  it 
is  clear  that  if  the  early  antiviral  defenses  are  lacking, 
using  a  strategy  of  knockout  of  specific  antiviral  genes, 
virus  infection  can  lead  to  devastating  effects  despite 
the  presence  of  intact  IFN  pathways  (Kosugi  et  al.,  2002; 
Noda  et  al.,  2001;  Xiang  et  al.,  2002;  Zhou  et  al.,  1999). 
For  example,  mice  deficient  in  Mx,  RNase  L,  and  PKR, 
which  are  markedly  susceptible  to  viral  infections,  are 


nevertheless  rescued  by  pretreatment  with  IFN  (Zhou  et 
al.,  1 999).  Thus,  virus-inducible,  cell-autonomous  innate 
defenses  are  important  to  inhibiting  virus,  and  indeed 
may  be  crucial  to  host  defense  against  viruses  with 
strategies  that  interfere  with  IFN  signaling,  such  as 
HPIV3. 

STAT1  is  required  for  IFN  signal  transduction  in  the 
cell  and  essential  for  the  survival  response  to  virus  infec¬ 
tion  (Durbin  et  al.,  1996;  Meraz  et  al.,  1996).  Despite 
numerous  downstream  targets  of  STAT1  activation,  loss 
of  NOS2  has  been  identified  as  a  primary  factor  in  the 
susceptibility  of  STAT1  null  animals  to  virus  (Karupiah 
etal.,  1 993).  Although  not  clearly  understood,  decreased 
STAT1  also  produces  a  deficient  antiviral  state  and  loss 
of  NOS2,  while  other  IFN-mediated  genes  respond  nor¬ 
mally  (Briscoe  et  al.,  1996;  Karaghiosoff  et  al.,  2000).  In 
two  prior  studies,  nonfunctional  JAK1  orTyk2,  receptor- 
associated  kinases  in  the  IFN  signaling  pathway,  re¬ 
sulted  in  decreased  STAT1  protein  and  activation,  and 
a  defective  antiviral  state,  although  the  response  to 
IFN-a  or  -y  was  intact  (Briscoe  et  al.,  1 996;  Karaghiosoff 
et  al.,  2000).  The  Tyk2-deficient  cells  displayed  a  pheno¬ 
type  remarkably  similar  to  the  CF  cells:  increased  virus 
replication  in  cells,  impairment  of  STAT1  activation,  with 
almost  all  IFN-dependent  pathways  intact  except  for 
NOS2.  Altogether,  these  and  the  present  study  suggest 
that  a  threshold  of  STAT  1  may  be  required  for  the 
antiviral  state,  expression  of  NOS2,  and  perhaps  other 
antiviral  genes,  such  as  2',  5'  OAS.  Alternatively,  a  JAK1  - 
or  Tyk2-dependent  signal  may  be  required,  in  addition 
to  STAT1,  for  expression  of  NOS2,  and  for  the  antiviral 
state  (Briscoe  et  al.,  1996). 

Because  IFN/STAT1  pathways  are  so  effective  in  pre¬ 
venting  viral  infection,  many  viruses  have  developed 
mechanisms  to  evade  the  interferon  system  of  the  host. 
All  members  of  the  paramyxovirus  family  interfere  with 
IFN  signaling,  although  by  different  mechanisms  (An- 
drejeva  et  al.,  2002;  Young  et  al.,  2000).  HPIV3  inhibits 
IFN  signaling,  through  specific  reduction  of  serine  phos¬ 
phorylation  of  STATIa  (Young  et  al.,  2000).  Serine  phos¬ 
phorylation  is  intact  in  CF  (data  not  shown),  but  CF  cells 
with  impaired  IFN  activation  of  STAT1  may  be  particu¬ 
larly  vulnerable  to  serine  phosphorylation  block  by 
HPIV3,  resulting  in  more  effective  interference  with  IFN 
signaling.  While  interference  with  IFN  signaling  is  a  com¬ 
mon  strategy  by  which  paramyxovirus  circumvents  anti¬ 
viral  defenses  (Andrejeva  et  al.,  2002;  Young  et  al.,  2000), 
viral  proteins  which  block  NOS  pathways  have  not  been 
reported.  Our  data  support  that  HPIV3  may  not  have 
specific  strategies  to  escape  NO  effects.  NO  inhibits 
virus  replication  and  even  latency  of  virus,  including 
coxsackievirus,  influenza  A  &  B,  murine  cytomegalovi¬ 
rus,  vaccinia,  ectromelia,  and  herpes  simplex-1  (Croen, 
1993;  Flodstrom  et  al.,  2001 ;  Karupiah  et  al.,  1998;  Karu¬ 
piah  and  Harris,  1995;  Rimmelzwaan  et  al.,  1999;  Saura 
et  al.,  1 999;  Zaragoza  et  al.,  1 997).  Here,  HPIV3  is  also 
shown  to  be  inhibited  by  NO.  Two  specific  virus  targets 
of  NO,  ribonucleotide  reductase  and  viral  protease,  have 
been  suggested  on  the  basis  of  in  vitro  exposure  of  viral 
protein  to  NO  donors  in  cell  free  systems  (Croen,  1993; 
Lepoivre  et  al.,  1991;  Saura  et  al.,  1999).  These  two 
known  targets  are  absent  in  HPIV3.  Although  viral  pro¬ 
teins  may  be  targets  of  NO,  NO  also  affects  host  pro¬ 
teins,  which  is  relevant  to  HPIV3  since  it  requires  host 
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proteins  for  transcription  and  replication  (De  et  al.,  1 993). 
Known  targets  for  NO  modification  include  thiol  groups 
and  tyrosine,  and  NO  may  bind  to  heme  iron  in  proteins 
(Grisham  et  al.,  1 999).  In  lung  epithelial  cells,  over  40 
cellular  proteins  are  modified  by  tyrosine  nitration,  with 
consequences  on  activity  and  function  (Aulak  et  al., 
2001).  Tyrosine  nitration  is  decreased  by  NOS  inhibitors 
and  in  NOS2  knockout  cells;  thus,  NO  modification  of 
both  host  and  viral  proteins  and  subsequent  effects  on 
protein  expression  and  activity  are  also  likely  reduced 
in  CF  cells  which  lack  NOS2. 

It  is  interesting  to  speculate  about  whether  CFTR  has 
a  direct  effect  or  is  a  modifier  gene  for  expression  of 
STAT1 , 2',  5’  OAS1 ,  or  NOS2.  Inhibition  of  CFTR  function 
results  in  reduced  NOS2  mRNA  in  human  tracheal  epi¬ 
thelial  cell  lines,  while  overexpression  of  human  CFTR 
in  CF  mice  intestinal  epithelium  leads  to  NOS2  expres¬ 
sion  in  the  ileum  (Steagall  et  al.,  2000).  These  results 
suggest  that  NOS2  expression  may  be  directly  related 
to  the  presence  of  functional  CFTR.  In  addition,  the 
present  findings  suggest  that  STAT1  and  NOS2  may  be 
potential  gene  modifiers  of  the  disease  severity  in  CF 
lung  disease.  An  important  component  of  the  innate 
host  defense  in  the  airway  is  the  ability  of  respiratory 
epithelial  cells  to  produce  NO  continuously  in  vivo 
(Sanders  et  al.,  1 998).  The  continuous  production  of  NO 
in  the  airways  is  due  in  part  to  expression  of  NOS2  (Guo 
et  al.,  1995).  CF  infants  at  birth  prior  to  the  onset  of 
respiratory  symptoms/infection  have  exhaled  NO  3-fold 
lower  than  in  healthy  controls,  suggesting  that  the  defect 
in  NOS2  expression  occurs  prior  to  onset  of  recurrent 
infections  (Ephick  et  al„  2001).  Here,  NOS2  is  conclu¬ 
sively  shown  to  be  sufficient  for  antiviral  defense  in  hu¬ 
man  airway  epithelial  cells.  The  success  of  overexpres¬ 
sion  of  NOS2  in  CF  cells,  or  pretreatment  with  IFN,  in 
protection  from  viral  infection  indicates  that  these  ap¬ 
proaches  are  promising  in  prevention  of  CF  lung  infec¬ 
tion.  Although  less  effective,  provision  of  NO  donors 
provided  significant  reduction  of  viral  production  and 
may  be  an  alternative  strategy  for  treatment  of  CF  pa¬ 
tients. 

Experimental  Procedures 
Cell  Culture,  Virus,  and  Cytokines 

HAEC  were  obtained  through  bronchoscopy  brushing,  from  ex- 
planted  lungs,  or  from  segments  of  bronchus  obtained  from  surgery 
and  cultured  by  methods  previously  described  (Guo  et  al.,  2000; 
Uetani  et  al.,  2000).  An  aliquot  of  cultured  cells  was  immunostained 
to  confirm  epithelial  phenotype.  In  addition,  all  cells  were  genotyped 
for  86  common  CFTR  mutations  by  Genzyme  Genetics  (Boston, 
Massachusetts).  All  eight  samples  from  explant  CF  lungs  were  con¬ 
firmed  to  be  homozygous  \F508/ \F50S.  Eleven  samples  from  con¬ 
trol  non-CF  lungs  were  all  wild-type  CFTR. 

A549  cells  and  CV-1  cells  were  maintained  as  previously  de¬ 
scribed  (Choudhary  et  al.,  2001 ;  Guo  et  al.,  2000).  HPIV3  (HA-1 ,  NIH 
47885)  was  a  kind  gift  from  Dr.  De.  Human  IFN-y  was  a  gift  from 
Genentech  Inc.  (South  San  Francisco,  California).  The  IFN-o  was 
purchased  from  Sigma-Aldrich  (St.  Louis,  Missouri).  Recombinant 
human  IL-1 3  and  TNF-a  were  from  Genzyme. 

RNA  Isolation  and  Northern  Analysis 

Total  RNA  was  extracted  by  GTC-CsCI  gradient  method  (Erzurum 
et  al.,  1993a).  Northern  analysis  was  carried  out  using  KP-dCTP- 
labeled  human  NOS2  cDNA  by  methods  previously  described 
(Uetani  et  al.,  2000). 


Plaque  Assay  and  Immunofluorescent  Staining 
Culture  supernatants  were  collected,  and  the  yield  of  infectious 
HPIV3  in  cells  that  underwent  specific  treatments  was  measured  by 
plaque  assay  on  CV-1  cells  as  previously  described  (De  et  al.,  1 995). 
24  hr  postinfection,  cells  cultured  on  cover  slides  were  stained  for 
HPIV3  by  the  method  previously  described  (Choudhary  et  al.,  2001 ). 

“S-Methionine  Labeling  and  Immunoprecipitation 
CF  and  NL  cells  in  12-well  plate  were  infected  with  HPIV3  at  0.1 
moi.  At  1 2  hr  postinfection,  the  medium  was  replaced  with  methio¬ 
nine-free  DMEM  and  incubation  was  continued  in  37"C.  At  14  hr 
postinfection,  the  cells  were  labeled  with  50  ixCi  of  “S-methionine 
in  1  ml  methionine-free  DMEM  for  6  hr.  Cells  were  washed  with 
DPBS  and  cell  lysates  were  prepared  and  20  ^g  of  protein  was 
immunoprecipitated  by  antibody  against  HPIV3  N-protein  as  pre¬ 
viously  described  (De  et  ai„  2000)  and  analyzed  in  an  SDS-10% 
polyacrylamide  gel. 

IL-6  and  IL-8  ELISA 

Production  of  human  IL-6  and  IL-8  in  the  supernatant  from  CF  and 
NL  cells  24  hr  after  HPIV3  infection  was  evaluated  using  Quantikine 
human  IL-6  and  IL-8  ELISA  (R&D  Systems,  Minneapolis,  Minnesota). 
All  samples  were  diluted  ten  times  using  appropriate  calibration 
buffer. 

Custom  cDNA  Microarray  and  Affymetrix  Gene  Array 
RNA  extracted  from  CF  and  NL  cells  at  baseline  or  after  8  hr  IFN 
treatment  were  evaluated  for  gene  expression  profile  using  custom- 
constructed  cDNA  microarray  as  previously  described  (Frevel  et  al., 
2003).  The  ISG/AU/dsRNA  array  used  in  this  study  contains  1013 
ISGs,  1464  AU-rich  genes,  18  genes  potentially  involved  in  AU  di¬ 
rected  mRNA  decay,  54  ribosomal  genes,  288  dsRNA-responsive 
genes,  and  84  housekeeping  genes  (N0S2  is  not  on  this  array). 

Affymetrix  HG-U1 33A  GeneChips  were  also  used  in  this  study  to 
evaluate  baseline  gene  expression  in  CF  and  NL  cells  as  previously 
described  (Lipshutz  et  al.,  1999;  Yang  et  al.,  2000). 

Western  Analysis 

Whole-cell  lysates  were  prepared  and  Western  analysis  performed 
as  previously  described  (Uetani  etal.,  2000).  The  primary  antibodies 
used  included  rabbit  polyclonal  antibody  against  NOS2  (Merck,  Rah¬ 
way,  New  Jersey),  rabbit  polyclonal  antibody  against  C  terminus 
of  IRF-1  (Santa  Cruz  Biotechnology,  Santa  Cruz,  California),  rabbit 
polyclonal  antibody  against  PKR  (Carpick  et  al.,  1 997),  mouse  mono¬ 
clonal  antibody  against  RNase  L  (Dong  and  Silverman,  1995),  rabbit 
polyclonal  antibodies  against  MxA  and  HPIV3  N-protein  (Choudhary 
et  al.,  2001),  and  rabbit  polyclonal  antibody  against  2’,  5'  OAS1 
(Ghosh  et  al.,  2001). 

WCE  and  EMSA 

WCE  were  prepared  and  EMSA  performed  by  methods  previously 
described  (Guo  et  al.,  1997;  Uetani  et  al.,  2000).  To  specifically 
identify  NF-xB,  IRF-1,  and  STATIa  (p91)  proteins  in  binding  com¬ 
plexes,  2-4  jig  of  rabbit  anti-p65,  anti-p50,  anti-IRF-1,  or  anti- 
STATIa  (p91)  polyclonal  Ab  (Santa  Cruz  Biotechnology)  was  added 
to  the  binding  reaction  mix  and  incubated  for  30  min  at  room  temper¬ 
ature  before  adding  the  MP-labeled  oligonucleotide. 

NOS2  Expression  Construct  and  Transient  Transfection 
Human  NOS2  expression  construct  was  made  by  inserting  full- 
length  NOS2  cDNA  into  a  pAVS6  vector  (Erzurum  et  al.,  1 993b).  A 
control  construct  was  also  made  by  inserting  reverse  sequence 
NOS2  cDNA  into  a  pAVS6  vector.  Transient  transfection  was  per¬ 
formed  on  cells  at  90%  confluence  using  LipofectAMINE  PLUS  re¬ 
agent  (Invitrogen  Corporation,  Carlsbad,  California). 

Nitrite  and  Nitrate  Quantitation 

NO  production  was  quantitated  by  measuring  total  nitrite  and  nitrate 
in  the  media,  using  ISO-NO  Markll  isolated  nitric  oxide  meter  and 
nitric  oxide  sensor  (ISO-NOP)  (World  Precision  Instruments,  Inc., 
Sarasota,  Florida).  Data  were  collected  and  analyzed  by  Duo18. 
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Statistical  Analysis 

The  data  are  reported  as  means  i  standard  deviation  of  the  mean 
(SD).  Two-tailed  t  test  statistics  or  the  Mann-Whitney  test  was  used 
as  appropriate  at  a  significance  level  of  0.05. 
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NF-kB  is  known  to  exert  its  antiviral  innate  immune  response  via 
the  IFN-/3-induced  Janus  kinase/signal  transducers  and  activators 
of  transcription  pathway.  However,  our  current  studies  have  dem¬ 
onstrated  that  activated  NF-kB  is  capable  of  directly  establishing  an 
antiviral  state  independent  of  IFN  or  secreted  soluble  factor(s) 
against  two  highly  pathogenic  respiratory  RNA  viruses.  Human 
parainfluenza  virus  type  3,  a  mildly  cytopathic  virus  that  induced 
NF-kB  very  early  during  infection  was  converted  to  a  virulent  virus 
after  NF-kB  inhibition.  In  contrast,  a  highly  cytopathic  virus,  human 
respiratory  syncytial  virus  that  induced  NF-kB  late  during  infection, 
was  converted  to  a  mildly  cytopathic  virus  after  NF-kB  induction 
before  virus  replication.  This  interconversion  of  cytopathic  pheno¬ 
types  of  viruses  after  NF-kB  modulation  was  further  shown  to  be 
independent  of  IFN  and  soluble  secreted  factors(s).  Moreover, 
tumor  necrosis  factor  a  (TNF-a)  and  IL-1/3  elicited  an  antiviral 
response,  which  was  NF-KB-dependent.  Thus,  NF-kB  induction 
directly  confers  an  essential  innate  antiviral  response  against 
human  parainfluenza  virus  type  3  and  respiratory  syncytial  virus, 
which  is  independent  of  IFN-inducible  factor(s). 

Innate  immune  response  initiated  by  the  infected  host  cells 
constitutes  the  first  line  of  defense  against  foreign  pathogens 
including  viruses,  before  orchestrating  a  well  organized  adaptive 
immune  response.  NF-kB,  a  family  of  evolutionarily  conserved 
transcription  factors,  represents  an  important  modulator  of 
innate  and  adaptive  immune  function  required  for  optimal  host 
defense  (1-4).  Viruses  have  evolved  to  activate  NF-kB,  either  by 
double-stranded  RNA  intermediate  or  activation  of  Toll-like 
receptors  (TLRs),  leading  to  nuclear  translocation  of  NF-kB 
(5-7).  In  the  nucleus,  NF-kB  binds  to  its  cognate  promoter  sites 
to  activate  an  array  of  genes,  including  proinflammatory  cyto¬ 
kines,  chemokines,  and  adhesion  molecules  (7).  These  molecules 
are  involved  in  initiating  adaptive  immunity  process  by  recruiting 
immune  cells  to  the  site  of  infection.  Apart  from  the  adaptive 
immune  responders,  NF-kB’s  innate  immune  function  is  medi¬ 
ated  by  the  activation  of  IFN-/3,  an  important  antiviral  cytokine 
(8, 9),  through  which  paracrine  action  activates  the  Janus  kinase 
(JAK)/signal  transducers  and  activators  of  transcription  (ST AT) 
antiviral  pathway  (8,  9). 

We  have  used  two  viruses,  human  parainfluenza  virus  type  3 
(HPI V-3)  and  human  respiratory  syncytial  virus  (RSV),  to  study 
the  role  of  NF-kB  activation  in  conferring  essential  innate 
antiviral  response  in  human  epithelial  cells.  These  cells  facing  the 
luminal  side  (e.g.,  intestine,  lung,  and  airway)  have  direct  contact 
with  the  exterior  milieu  and  are,  therefore,  the  initial  target  for 
majority  of  pathogens,  including  viruses  (10).  Both  HPI  V-3  and 
RSV,  belonging  to  the  paramyxoviridae  family,  are  enveloped 
single-stranded  RNA  containing  viruses  of  negative  polarity  that 
replicates  in  the  cytoplasm  (11).  These  viruses  are  important 
human  respiratory  tract  pathogens,  causing  high  morbidity 
among  infants,  children,  and  immunocompromised  adults  man¬ 
ifesting  disease  states  including,  pneumonia,  croup,  and  brochi- 
olitis  (11).  To  date,  no  effective  vaccine  or  antiviral  therapy 
exists  for  either  of  these  viruses.  Therefore,  elucidation  of  innate 
immune  antiviral  response  elicited  by  these  viruses  holds  signif¬ 


icant  potential  for  development  of  effective  antiviral  therapies 
against  these  viruses. 

In  this  article,  we  report  that  NF-kB  is  capable  of  signaling  an 
innate  antiviral  response  that  is  independent  of  IFN  and  the  well 
established  JAK/STAT  antiviral  pathway.  The  importance  of 
NF-xB-mediated  innate  response  was  further  borne  out  by  our 
observation  that  the  temporal  nature  of  NF-kB  induction  profile 
exhibited  by  RSV  and  HPIV-3  had  direct  bearing  on  their 
respective  cytopathic  phenotype  and  replication  capability. 
Moreover,  proinflammatory  cytokines  like  tumor  necrosis 
factor-a  (TNF-a)  and  IL-1/3  exerted  a  potent  antiviral  action, 
which  was  directly  dependent  on  the  NF-kB  innate  antiviral 
pathway.  The  antiviral  role  of  NF-kB  against  these  cytoplasmic 
RNA  viruses  is  discussed. 

Materials  and  Methods 

Cells  and  Viruses.  A549,  CV-1  cells,  WT  and  IKK-y~/_  mouse 
embryonic  fibroblasts  (MEFs),  and  human  epithelial-like  fibro¬ 
sarcoma  cells  (WT  and  STAT-l_/“  cells)  were  cultured  as 
described  (10,  12—15).  HPIV-3,  RSV,  and  vesicular  stomatitis 
virus  (VSV)  adenoviruses  (Ads)  were  propagated  in  CV-1, 
HepG2,  BHK,  and  HEK  cells,  respectively,  as  described  (10, 
14-16). 

Plaque  Assay.  Plaque  assay  was  performed  as  described  (15).  To 
visualize  the  cytopathic  effect,  the  same  dilutions  of  medium 
supernatants  were  similarly  added  to  CV-1  cells,  and  the  plaques 
were  viewed  by  phase  contrast  microscopy  (X 10  objective).  The 
plaque  assay  data  shown  in  the  figures  represents  the  mean 
number  of  plaque-forming  units/ml  from  three  independent 
experiments  with  similar  results. 

Virus  Infection,  A549  cells  pretreated  with  used  pyrollidine  di- 
thiocarbamate  (PDTC)  (Calbiochem;  50  /xM)  for  4  h  or  infected 
with  the  Ads  [200  multiplicity  of  infection  (mois)]  for  16  h  were 
infected  with  HPIV-3  (0.1  moi)  or  RSV  (0.1  moi),  either  in  the 
absence  or  presence  of  PDTC.  After  36  h  postinfection,  the 
medium  supernatants  were  prepared  for  plaque  assay  (15). 
The  MEFs  and  fibrosarcoma  cells  were  similarly  infected  with 
HPIV-3  and  RSV  (0.1  moi). 

Electrophoretic  Mobility-Shift  Assay  (EMSA)  and  Luciferase  Assay. 

Nuclear  extracts  were  prepared  from  HPIV-3  (3  mois),  RSV  (1 
moi)  -infected  A549  cells  as  described  ( 17).  The  nuclear  extracts 
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(8  Mg  of  protein)  were  either  incubated  with  32P-labeled  NF-kB 
oligonucleotide  probe  in  the  presence  of  preimmune/normal 
rabbit  serum  (NRS)  or  p65  antibody  (Santa  Cruz  Biotech¬ 
nology),  or  incubated  with  a  50x  molar  excess  of  unlabeled 
specific  WT  or  mutant  NF-kB  oligonucleotide  probe,  and  ana¬ 
lyzed  as  described  (16, 17).  For  luciferase  assay,  A549  cells  were 
transiently  transfected  with  plasmids  containing  the  2x  NF-kB 
promoter  fused  to  the  firefly  luciferase  gene  (16)  and  Renilla 
luciferase  (for  normalization  of  transfection  efficiencies)  by- 
using  lipofectin  (G1BCO/BRL)  as  described  (16).  Sixteen  hours 
posttransfection,  cells  were  infected  with  either  HPI V-3  or  RSV 
(1  moi)  and  8  h  (for  HPI  V-3)  or  20  h  (for  RSV)  postinfection, 
the  cell  lysates  were  prepared  and  assayed  for  firefly  lucifease 
expression  as  described  (16).  The  luciferase  activity  was  nor¬ 
malized  to  the  Renilla  luciferase  activity  (dual  luciferase  assay 
from  Promega).  NF-KB-luciferase-  (NF-kB-Luc)  transfected 
A549  cells  were  also  infected  with  Ads  [Ad-GFP,  IkB  super 
repressor  (Ad-lKB-SR),  and  Ad-expressing  dominant  negative 
TLR  adaptor  protein  MyD88  (Ad-DN-MyD88)]  for  12  h,  fol¬ 
lowed  by  either  mock  infection  or  infection  with  RSV  or  HPI  V-3 
(1  moi)  for  18  and  8  h,  respectively.  Similarly  NF-kB-Luc- 
transfected  A549  cells  were  infected  with  either  Ad-GFP  or 
Ad-lKB-SR  for  12  h,  followed  by  TNF-a  or  IL-1/3  treatment  (20 
ng/ml)  for  2  h.  The  lysates  from  these  cells  were  assayed  for 
luciferase  activity  as  described  above.  The  luciferase  assay  results 
shown  in  the  figures  represent  the  average  of  three  independent 
experiments  and  the  standard  deviations  are  shown  as  error  bars. 

Treatment  of  HPIV-3-lnfected  A549  Cells  with  AlC-monomethyl-L-argi- 
nine  (l-NMMA),  Conditioned  Medium  (CM),  or  IFN-/3.  A549  cells 
pretreated  with  5  mm  or  25  mM  L-NMMA  (Oxis  International, 
Portland,  OR)  for  4  h  were  infected  with  HPIV-3  (0.1  moi)  for 
36  h  in  the  absence  or  presence  of  L-NMMA.  To  prepare  the  CM, 
A549  cells  were  either  mock  infected  or  infected  with  HPIV-3 
(0.1  or  1  moi)  for  24  h.  The  resulting  medium  supernatants  were 
added  to  Centricon  units  (Centricon  Plus-20,  300,000-kDa  cut¬ 
off;  Millipore)  and  centrifuged  per  manufacturer’s  direction. 
After  centrifugation,  the  membrane  flow-through  supernatants 
were  checked  for  the  absence  of  virus  by  infecting  fresh  A549 
cells.  Once  the  absence  of  virus  was  confirmed,  the  mock  or  the 
HPIV-3  CMs  were  added  to  Ad-infected  cells  simultaneously 
during  adsorption  (2  h  at  37°C)  of  HPIV-3  (0.1  moi).  The  CM 
was  present  during  the  course  of  the  infection  (36  h).  IFN-/3 
(2,000  units/ ml)  (PBL)  was  similarly  added  to  Ad-infected  cells 
simultaneously  during  adsorption  (2  h  at  37°C)  of  HPIV-3  (0.1 
moi),  and  it  was  present  during  the  course  of  the  infection  (36 
h).  The  medium  supernatants  from  l-NMMA-,  CM-,  or  IFN- 
/3-treated  A549  cells  infected  with  HPIV-3  were  processed  for 
plaque  assay  analysis. 

RSV  and  VSV  Infection  of  AS49  or  Human  Fibrosarcoma  Cells  Pre¬ 
treated  with  Either  TNF-a  or  IL-1/3  in  the  Presence  of  Either  Ad-GFP  or 
Ad-lKB-SR.  A549  or  human  fibrosarcoma  cells  were  pretreated 
with  TNF-a  or  IL-1/3  (20  ng/ml)  (R  &  D  Systems)  for  either  8 
or  16  h.  After  pretreatment,  the  cells  were  infected  with  RSV, 
HPIV-3,  or  VSV  (0.1  moi)  for  36  h  in  the  absence  of  these 
cytokines.  A549  cells  were  also  infected  with  Ads  (Ad-GFP  or 
Ad-lKB-SR)  for  12  h,  followed  by  TNF-a  or  IL-1/3  pretreatment 
(20  ng/ml)  for  16  h.  These  cells  were  then  infected  with  either 
RSV  or  VSV  (0.1  moi)  for  36  h  in  the  absence  of  these  cytokines. 
The  medium  supernatants  from  these  cells  were  then  subjected 
to  plaque  assay  analysis  on  CV-1  cells. 

RSV  and  VSV  Infection  of  A549  or  Human  Fibrosarcoma  Cells  Pre¬ 
treated  with  Either  TNF-a  or  IL-1/3  CM  in  the  Presence  of  Anti-TNF-a 
or  Anti-IL-1/3  Neutralizing  Antibodies,  Respectively.  CM  obtained 
from  untreated  and  TNF-a-  or  IL-l/3-treated  (20  ng/ml)  A549 
(8,  16,  or  24  h)  or  human  fibrosarcoma  (24  h)  cells  were 
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Fig.  1.  Replication  kinetics  and  NF-KB-induction  profile  of  HPIV-3  and  RSV  in 
human  lung  epithelial  A549  cells.  (A)  A  single-step  growth  kinetics  of  HPIV-3 
and  RSV  (0.1  moi)  in  A549  cells  was  determined  by  plaque  assay  analysis.  (B) 
Cytopathic  effect  analysis  (48  h  postinfection)  of  HPIV-3  and  RSV  (0.1  moi) 
from  infected  A549  cells  was  determined  after  addition  of  same  dilution  of 
A549  medium  supernatants  to  CV-1  cells  for  plaque  assay  analysis.  (0  NF-kB 
EMSA  using  nuclear  extracts  from  uninfected  (-)  and  RSV-infected  (1, 2, 6,  and 
16  h  postinfection)  A549  cells,  and  HPIV-3-infected  (0.5-24  h  postinfection) 
A549  cells  in  the  absence  or  presence  of  NF-kB  p65  antibody  (Ab),  preimmune 
serum,  specific  NF-kB  unlabeled  probe,  or  mutant  NF-kB  unlabeled  probe  (NS) 
as  indicated. 
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incubated  with  either  control  or  respective  cytokine-neutralizing 
antibodies  (300  ng/ ml;  R  &  D  Systems)  overnight  at  4°C.  After 
incubation,  the  medium  was  added  to  fresh  A549  or  human 
fibrosarcoma  cells  for  16  h  pretreatment  before  adding  RSV  or 
VSV  (0.1  moi).  The  medium  supernatants  obtained  from  these 
cells  after  36  h  virus  infection  were  subjected  to  plaque  assay 
analysis  on  CV-1  cells 

Results 

Temporal  Activation  of  NF-kB  by  HPIV-3  and  RSV  in  Human  Lung 
Epithelial  Cells.  Human  lung  epithelial  A549  cells  were  initially 
tested  for  susceptibility  to  HPIV-3  and  RSV  infections.  We 
observed  that  HPIV-3  is  significantly  less  cytopathic  than  RSV 
in  these  cells;  the  cells  that  are  the  primary  target  of  these  viruses 
during  productive  infection  (ref.  11  and  Fig.  1  A  and  B).  A 
single-step  growth  kinetics  of  these  viruses  (0.1  moi)  at  12,  24, 
and  48  h  postinfection  revealed  that  HPIV-3  titer  was  signifi¬ 
cantly  lower  (two  logs)  compared  with  RSV  (Fig.  I  A).  These 
differences  can  also  be  directly  visualized  by  their  ability  to  form 
syncytia;  cytopathic  effect  analysis  (Fig.  LB)  of  these  viruses  at 
the  same  dilution  of  medium  supernatants  showed  few  plaques 
for  HPIV-3,  whereas  RSV  completely  disseminated  the  cells. 
These  results  demonstrated  that  HPIV-3  replicated  poorly  in 
A549  cells,  whereas  RSV  was  highly  cytopathic. 

We  next  investigated  whether  these  viruses  possessing  widely 
different  cytopathic  phenotype  also  differ  in  their  induction  of 
NF-kB,  which  is  an  important  innate  immune  responder  (1-4). 
KMSA  (Fig.  1C)  performed  with  nuclear  extracts  obtained  from 
RSV-  or  HPIV-3-infected  A549  cells,  revealed  rapid  NF-kB 
DNA-binding  activity  very  early  after  HPIV-3  infection  (30  min 
postinfection)  before  initiating  its  full  replicative  cycle  (12-16  h 
postinfection;  refs.  18  and  19).  In  contrast,  RSV-induced  NF-kB 
DNA-binding  activity  was  observed  considerably  later  (16  h) 
after  the  onset  of  replication  (10-12  h  postinfection;  ref.  20), 
similar  to  that  reported  (21,  22).  Specificity  of  the  HPIV-3- 
induced  NF-kB  complex  formation  was  demonstrated  by  super- 
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Fig.  2.  Inhibition  of  NF-kB  activation  increases  HPIV-3,  but  notRSV,  replication  and  cytopathogenicity  in  an  IFN- and/or  solublefactor(s)-independent  manner. 
Plaque  assay  analysis  using  medium  supernatants  from  A549  cells  mock  infected  or  infected  with  either  HPIV-3  or  RSV  in  the  absence  or  presence  of  PDTC  (50 
M M)  (A),  or  A549  cells  infected  with  HPIV-3  or  RSV  in  the  absence  or  presence  of  prior  infection  with  Ads  encoding  the  IkB-SR  or  GFP(S).  (Q  Expression  of 
transfected  NF-kB-Luc  in  A549  cells  infected  with  HPIV-3  or  RSV  in  the  presence  of  IkB-SR  or  control  GFP.  (D)  Plaque  assay  analysis  using  medium  supernatants 
from  IKKyf'  or  WT  MEFs  infected  with  either  HPIV-3  or  RSV.  Phase  contrast  microscopic  picture  of  CV-1  cells  incubated  with  same  dilutions  of  medium 
supernatants  obtained  from  A549  cells  infected  with  HPIV-3  and  Ad-GFP  or  Ad-kB-SR  (£)  and  HPIV-3-infected  WT  or  IKKy-A  MEFs  (F).  (G)  Plaque  assay  analysis 
using  medium  supernatants  from  A549  cells  infected  with  HPIV-3  and  Ad-GFP  or  Ad-kB-SR  and  treated  with  IFN-/3  (2,000  units/ml).  Similar  analysis  was  performed 
with  medium  supernatants  from  A549  cells  infected  with  HPIV-3  and  Ad-GFP  or  Ad-kB-SR  in  the  presence  or  absence  of  either  mock  CM  or  HPIV-3  CM  (cleared 
free  of  virus). 


shift  analysis  with  p65  antibody  and  competition  with  unlabeled 
WT,  but  not  mutant  oligonucleotide  probe  (Fig.  1C). 

Inhibition  of  NF-kB  Activation  Results  in  Increased  Replication  and 
Cytopathogenicity  of  HPIV-3  Independent  of  IFN.  The  differential 
kinetics  of  NF-kB  induction  displayed  by  RSV  and  HPIV-3 
raised  the  possibility  that  these  viruses  may  have  evolved  to 
regulate  the  activation  of  NF-kB  to  strategically  manipulate  the 
antiviral  defense  mechanism  exerted  by  the  host  for  efficient 
replication,  leading  to  higher  cytopathic  phenotype.  To  examine 
this  possibility,  we  monitored  the  replication  capability  of 
HPI V-3  and  RSV  in  cells  where  NF-kB  was  inactivated.  By  using 
PDTC,  a  general  NF-kB  inhibitor  (ref.  23  and  Fig.  24),  during 
infection  resulted  in  a  significant  (30-fold)  increase  in  HPIV-3 
titer.  In  contrast,  PDTC  had  no  effect  on  RSV  titer  (Fig.  2A). 
These  results  were  further  confirmed  by  expressing  the  Ad- 
IkB-SR  (32A/36A)  (16,  24)  in  HPI  V-3-infected  cells.  As  shown 
in  Fig.  2B,  IkB-SR  expression  lead  to  dramatic  increase  (100- 
fold)  in  HPIV-3  titer,  whereas  RSV  titer  remained  unchanged. 
The  Ad-lKB-SR  used  in  these  studies  was  functional,  because 
Ad-lKB-SR,  but  not  control  Ad-GFP,  inhibited  NF-kB-Luc 
induction  by  HPIV-3  and  RSV  in  A549  cells  (Fig.  2C).  Finally, 
virus  obtained  from  infected  WT  and  IKKy~/_  MEFs  (12) 
demonstrated  dramatic  augmentation  (100-fold)  of  HPIV-3,  but 
not  RSV  replication  in  IKKy/_  cells  (Fig.  2D).  The  significant 
increase  in  HPIV-3  cytopathogenicity  and  viral  titer  could  be 
clearly  visualized  by  increased  syncytia  formation  after  NF-kB 
inactivation  (Fig.  2  E  and  F).  The  observed  conversion  of  mildly 
cytopathic  HPIV-3  into  a  virulent  form,  similar  to  RSV,  after 
inhibition  of  NF-kB,  suggested  an  important  role  of  NF-kB  in 
antiviral  defense.  These  results  indicate  that  rapid  activation  of 
NF-kB  before  HPIV-3  replication  constitutes  an  essential  anti¬ 
viral  host  defense  in  human  lung  epithelial  cells,  as  well  as  in 
mouse  fibroblasts. 

We  next  examined  whether  the  conversion  of  a  mildly  cyto¬ 


pathic  virus,  HPIV-3,  to  a  virulent  one  on  NF-kB  inhibition  was 
due  to  the  lack  of  IFN-/3  [a  gene  which  is  stimulated  in 
HPIV-3-infected  epithelial  cells  (25,  26)]  or  soluble  antiviral 
secreted  factor(s)  production.  As  shown  in  Fig.  2G,  addition  of 
exogenous  IFN-/3  (2,000  units/ml)  to  the  NF-KB-inactivated 
cells  at  the  time  of  HPIV-3  infection  failed  to  inhibit  the 
increased  infectivity  and  cytopathogenicity  of  HPIV-3.  Similar 
results  were  obtained  after  addition  of  IFN-o  (data  not  shown). 
The  potential  involvement  of  putative  secretory  antiviral  soluble 
factor(s)  were  also  eliminated,  because  CM  supernatant  ob¬ 
tained  from  HPIV-3-infected  A549  cells  (cleared  free  of  virus) 
or  mock-infected  cells  added  to  Ad-lKB-SR-  and  HPIV-3- 
infected  cells  at  the  time  of  HPIV-3  infection,  failed  to  repress 
the  increased  virus  infectivity  (Fig.  2G).  Thus,  it  seems  that 
NF-KB-mediated  anti-HPI  V-3  activity  is  conferred  by  establish¬ 
ing  an  intracellular  antiviral  state  independent  of  IFN  and/or 
soluble  factor(s). 

Inhibition  of  RSV  Replication  After  Specific  Induction  of  NF-kB  by 
TNF-a  or  IL-1/3.  If  indeed  NF-kB  is  an  essential  innate  antiviral 
mediator  as  shown  above,  we  hypothesized  that  RSV  may  have 
maintained  its  highly  cytopathic  phenotype  as  a  result  of  de¬ 
regulating  NF-kB  activation  by  inducing  it  late  in  the  replication 
cycle.  If  such  induction  constitutes  the  mechanism  used  by  RSV 
to  evade  host’s  NF-KB-dependent  antiviral  response  for  preser¬ 
vation  of  its  high  virulence,  activation  of  NF-kB  before  the 
replication  of  RSV  may  confer  an  antiviral  state.  To  examine  this 
possibility,  we  pretreated  A549  cells  with  TNF-a  (27)  or  IL-1/3 
(28),  which  are  potent  inducers  of  NF-kB,  before  RSV  infection. 
Pretreatment  of  cells  with  TNF-a  or  IL-1/3  (Fig.  3 A)  severely 
restricted  RSV  replication  with  a  decrease  in  virus  titer  by 
1,000-fold.  However,  treatment  of  A549  cells  with  TNF-a  or 
IL-1/3  10-12  h  postinfection  (after  replication  initiation)  failed 
to  restrict  RSV  replication  (data  not  shown).  It  is  important  to 
note  that  in  these  studies,  TNF-a  and  IL-1/3  were  present  only 
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Fig.  3.  Effect  of  TNF-a  and  IL-10  pretreatment  on  NF-KS-dependent  restric¬ 
tion  of  RSV  replication  and  cytopatbogenicity.  (A)  Plaque  assay  analysis  of 
medium  supernatants  from  A549  cells  pretreated  with  20  ng/ml  TNF-a  or  IL-1/3 
for  8-16  h  before  RSV  infection.  (S)  Plaque  assay  analysis  of  culture  superna¬ 
tants  from  IkB-SR  or  GFP  expressing  A549  cells,  pretreated  with  either  TNF-a 
or  IL-1/j  for  16  h  before  RSV  infection.  (O  Expression  of  transfected  NF-kB-Luc 
in  A549  cells  treated  with  either  TNF-a  or  IL-1/3  (20  ng/ml  for  2  h)  in  the 
presence  of  IkB-SR  or  control  GFP.  (D)  Plaque  assay  analysis  of  medium 
supernatants  from  A549  cells  pretreated  with  20  ng/ml  TNF-a  or  IL-1/3for  24  h 
before  HPIV-3  infection. 


during  the  pretreatmem  period,  but  not  during  virus  infection. 
These  results  strongly  suggest  that  establishment  of  NF-kB- 
dependent  antiviral  state  before  infection  was  sufficient  to 
restrict  the  replication  of  RSV. 

Because  TNF-a  and  IL-1/3  induces  additional  signaling  path¬ 
ways  (e.g.,  c-Jun  N-terminal  kinase  and  extracellular  signal- 
regulated  kinase)  apart  from  NF-kB  (29,  30),  we  investigated 
whether  the  antiviral  action  of  TNF-a  and  IL-1/3  is  specifically 
mediated  by  activated  NF-kB.  Inhibition  of  NF-kB  activation 
after  expression  of  IkB-SR  significantly  reverted  the  antiviral 
action  of  TNF-a  and  IL-1/3  (Fig.  3 B)  toward  RSV.  In  control 
experiments,  TNF-a  or  IL-1/3  treatment  of  A549  cells  trans¬ 
fected  with  NF-kB-Luc  led  to  significant  induction  of  NF-kB 
activity,  which  was  inhibited  when  the  cells  were  infected  with 
Ad-lKB-SR  (Fig.  3 C).  These  results  demonstrated  the  potent 
antiviral  action  of  TNF-a  and  IL-1/3  is  indeed  mediated  specif¬ 
ically  via  the  NF-kB  signaling  pathway,  and  the  latter  pathway 
plays  an  important  innate  antiviral  role  in  host  cells,  only  when 
it  is  activated  before  virus  replication.  Interestingly,  TNF-a  or 
IL-1/3  (Fig.  3D)  pretreatment  failed  to  exert  an  anti-HPIV-3 
activity.  Presumably,  HPIV-3-mediated  induction  of  NF-kB 
during  the  normal  course  of  infection  represents  the  optimal 
threshold  value  for  its  antiviral  activity,  which  is  not  augmented 
further  by  TNF-a  or  IL-1/3  treatment. 

NF-KB-Dependent  Antiviral  Response  by  TNF-a  and  IL-1/3  Is  Mediated 
Independent  of  IFN  and  Soluble  Secreted  Factor(s).  Next,  we  inves¬ 
tigated  whether  IFN  and/or  soluble  factor(s)  are  involved  in 
eliciting  the  NF-KB-dependent  antiviral  mechanism  of  TNF-a 
and  IL-/3  against  RSV.  As  shown  in  Fig.  4  A  and  B,  the  medium 
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Fig.  4.  The  noninvolvement  of  IFN  and/or  soluble  secretory  factor(s)  in 
mediating  the  NF-xB-dependent  antiviral  response  elicited  by  TNF-aand  IL-1/3. 
Plaque  assay  analysis  of  medium  supernatants  from  A549  cells  infected  with 
RSV  after  a  16-h  pretreatment  of  A549  cells  with  medium  obtained  from 
TNF-a- (A)  or  IL-1/3- (fi)  treated  (8  or  16  h)  A549  cells  in  the  presence  of  control 
antibody  or  anti-TNF-a  (A)  or  anti-IL-1  /3  (B)  neutralizing  antibodies.  (Q  Plaque 
assay  analysis  using  medium  supernatants  from  WT  or  STAT-1  */■  cells  un¬ 
treated  or  pretreated  with  TNF-a  (20  ng/ml  for  16  h)  before  infection  with 
RSV.  The  percent  infection  indicated  was  calculated  based  on  a  ratio  of 
number  of  plaques  obtained  in  the  presence  of  TNF-a  over  the  number 
obtained  from  untreated  cells. 


supernatant  obtained  from  TNF-a-  (Fig.  4.4)  or  IL-1/3-  (Fig.  4/3) 
treated  A549  cells  (cytokine  CM)  when  treated  with  anti-TNF-a 
or  anti-IL-1/3  neutralizing  antibodies,  respectively,  and  added  to 
fresh  A549  cells  for  pretreatment  before  virus  infection,  failed  to 
inhibit  RSV  replication.  The  specificity  of  these  cytokine- 
neutralizing  antibodies  was  borne  out  by  the  observation  that 
they  failed  to  inhibit  the  antiviral  action  of  IFN  and  the  TNF-a 
and  IL-1/3  CM  retained  its  antiviral  property  even  in  the 
presence  of  anti-IFN  neutralizing  antibody  (data  not  shown). 

The  noninvolvement  of  soluble  secreted  factor(s),  including 
IFN,  in  exerting  the  NF-KB-dependent  antiviral  state  was  further 
shown  by  using  WT  2fTGH-  and  IFN-insensitive  STAT-1  null 
(STAT-1  -/~)  U3A  human  epithelial-like  fibrosarcoma  cells 
(31).  The  lack  of  JAK/STAT  signaling  pathway  was  shown  to 
have  no  effect  on  NF-kB  signaling  cascade  induced  by  TNF-a 
treatment  (32).  Similar  to  A549  cells,  TNF-a  (Fig.  4C)  or  IL-1/3 
(data  not  shown)  pretreatment  established  an  antiviral  state  for 
RSV  in  both  WT  and  STAT-1  cells.  Moreover,  additional 
soluble  secreted  factor(s)  were  not  involved  during  establish¬ 
ment  of  the  antiviral  state  in  WT  or  STAT-1  cells,  as  tested 
by  performing  similar  experiments  described  in  Fig.  4  A  and  B 
(data  not  shown).  These  results  suggested  that  IFN  and/or 
soluble  secreted  factor(s)  are  not  involved  in  exerting  a  NF-KB- 
dependent  antiviral  state. 

Use  of  MyD88  by  HPIV-3  for  NF-kB  Induction.  Because  our  results  § 
have  suggested  that  a  critical  time  frame  of  NF-kB  activation  in  o 

infected  cells  dictates  the  antiviral  function  of  NF-kB.  we  g 

investigated  the  mechanism(s)  that  may  be  involved  in  confer-  i 
ring  the  difference  in  postinfection  NF-kB  induction  profile 
exhibited  by  HPIV-3  (rapid  induction)  and  RSV  (late  induction). 
Recently  TLRs  have  been  shown  to  be  used  by  RNA  cytoplasmic 
viruses  for  rapid  activation  of  NF-kB  in  infected  cells  (5,  6,  8). 
Because  MyD88  is  an  essential  TLR  adaptor  protein  required  for 
optimal  TLR-dependent  NF-kB  activation  (33,  34),  we  investi¬ 
gated  the  requirement  of  MyD88  in  transducing  RSV-  and 
HPIV-3-mediated  NF-kB  activation  signal. 

Whereas  infection  of  A549  cells  with  Ad-DN-MyD88  abro¬ 
gated  NF-kB-Luc  activation  by  HPIV-3,  Ad-DN-MyD88  failed 
to  inhibit  NF-kB  induction  by  RSV  (Fig.  5 A).  Moreover,  the 
requirement  of  MyD88  in  HPIV-3-mediated  induction  of  NF-kB 
was  borne  out  by  the  observation  that  expression  of  DN-MyD88 
resulted  in  drastic  increase  in  HPIV-3  replication  and  cytopatho- 
genicity  (Fig.  5  B  and  C),  which  was  similar  to  that  observed  after 
expression  of  IkB-SR  (Fig.  2  B  and  E).  These  results  indicate  that 
in  human  lung  epithelial  cells,  HPIV-3  and  RSV  uses  two 
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Fig.  5.  Differential  requirement  of  MyD88  for  NF-kB  induction  by  HPIV-3  and 
RSV.  (A)  Expression  of  transfected  NF-kB-Luc  in  A549  cells  infected  with  HPIV-3 
or  RSV  in  the  presence  of  DN-MyD88  or  control  GFP.  (fi)  The  indicated  medium 
supernatants  from  A549  cells  infected  with  HPIV-3  or  RSV  in  the  absence  or 
presence  of  prior  infection  with  Ads  encoding  the  DN-MyD88  or  GFP  were 
subjected  to  plaque  assay  analysis.  (Q  Phase  contrast  microscopic  picture  of 
CV-1  cells  incubated  with  same  dilutions  of  medium  supernatants  obtained 
from  A 549  cells  infected  with  HPIV-3  and  Ad-GFP  or  Ad-DN-MyD88. 


alternative  mechanisms,  MyD88-dependent  and  -independent 
pathways,  respectively,  to  induce  NF-kB.  Moreover,  MyD88- 
dependent  and  -independent  pathways  adopted  by  these  two 
viruses  to  either  induce  NF-kB  rapidly  (HPIV-3)  or  late  after 
replication  initiation  (RSV),  respectively,  may  have  a  direct 
bearing  on  their  respective  cytopathogenic  phenotype. 

Discussion 

In  this  article,  we  have  established  that  two  medically  important 
human  respiratory  tract  pathogens,  HPIV-3  and  RSV,  respond 
differentially  to  innate  response  elicited  by  NF-kB.  The  mildly 
cytopathic  virus,  HPIV-3  (which  induces  NF-kB  early  during 
infection),  was  converted  to  a  virulent  virus  as  a  result  of 
increased  replication  after  inhibition  of  rapid  NF-kB  induction 
by  HPIV-3.  In  contrast,  the  replication  of  RSV  (which  induces 
NF-kB  late  in  infection)  was  not  altered  in  NF-KB-inhibited  cells. 
However,  specific  induction  of  NF-kB  by  TNF-a  or  IL- 1  /3  before 
virus  replication  rendered  an  antiviral  state  against  RSV,  con¬ 
verting  this  highly  cytopathic  virus  to  a  less  virulent  virus.  Similar 
results  with  drastic  inhibition  of  viral  replication  after  induction 
of  NF-kB  before  virus  infection  were  obtained  when  another 
highly  cytopathic  RNA  cytoplasmic  virus,  VSV,  which  possesses 
similar  high  titer  like  RSV  in  A549  cells  (data  not  shown),  and 
fails  to  induce  NF-kB  in  these  cells  (21)  was  allowed  to  infect 
TNF-a-  and  IL-l/3-pretreated  cells  (see  Fig.  7,  which  is  published 
as  supporting  information  on  the  PNAS  web  site,  www.pnas.org). 
Moreover,  similar  to  RSV,  anti-VSV  activity  of  TNF-a  and 
IL-1/3  was  elicited  specifically  by  NF-kB,  which  is  independent  of 
IFN  and  soluble  secreted  factors  (see  Fig.  8,  which  is  published 
as  supporting  information  on  the  PNAS  web  site).  These  results 
demonstrated  that  NF-kB  is  also  capable  of  conferring  an 
essential  IFN-independent  antiviral  activity  against  a  virus  that 
does  not  induce  its  activity  during  natural  infection. 

It  is  interesting  to  note  that  although  the  antiviral  potential  of 
TNF-a  has  been  reported  earlier  (35,  36),  the  mechanism(s) 
involved  in  conferring  the  antiviral  response  was  not  known.  In 
our  current  study,  we  have  demonstrated  that  the  antiviral 
activity  of  TNF-a  is  mediated  directly  by  NF-kB,  which  is 
independent  of  IFN.  In  addition,  we  have  demonstrated  the 
ability  of  IL-1/3  to  act  as  a  potent  antiviral  cytokine,  which  exerts 


its  IFN-independent  antiviral  activity  by  inducing  NF-kB.  The 
ability  of  two  NF-KB-inducing  cytokines  to  severely  restrict  virus 
replication  similar  to  IFN  demonstrated  the  importance  of 
NF-kB  in  antiviral  defense.  Moreover,  the  noninvolvement  of 
IFN  in  exerting  a  NF-KB-dependent  antiviral  response  was  borne 
out  by  previous  reports  that  infection  of  STAT-1  cells  yielded 
similar  HPIV-3  titer  compared  with  the  WT  cells  ( 13),  and  RSV 
is  insensitive  to  the  antiviral  action  of  IFN-a//3  in  A549  cells  (37). 
Our  results  demonstrating  that  TNF-a  and  IL-1/3  exert  their 
NF-KB-dependent  antiviral  action  independent  of  IFN  were 
recently  validated,  because  microarray  analysis  did  not  reveal 
induction  of  IFN-a//3  genes  after  treatment  of  cells  with  either 
TNF-a  or  IL-1/3  (38).  In  addition,  nitric  oxide  (NO)  production 
after  inducible  nitric  oxide  synthase  (iNOS)  induction  through 
NF-kB  (39)  was  not  the  antiviral  factor,  because  A549  cells 
treated  with  the  iNOS-competitive  inhibitor  L-NMMA  during 
HPIV-3  infection  resulted  in  no  significant  differences  in 
HPIV-3  virus  titer  (data  not  shown).  Moreover,  the  NF-KB- 
dependent  antiviral  action  is  not  mediated  by  IFN-y,  because  the 
nonimmune  cells  used  in  our  studies  are  incapable  of  inducing 
IFN-y  gene. 

Because  NF-KB-mediated  antiviral  response  critically  relies  on 
the  time  frame  of  its  activation  after  virus  infection,  we  further 
demonstrated  that  at  least  for  RSV  and  HPIV-3,  the  temporal 
nature  of  NF-kB  induction  appears  to  depend  on  the  use  of 
MyD88.  (33,  34).  HPIV-3  used  the  MyD88-dependent  pathway 
to  rapidly  induce  NF-kB,  probably  after  interaction  of  HPIV-3 
envelope  protein(s)  with  cell-surface  TLRs  during  virus  entry.  In 
support  of  rapid  activation  of  NF-kB  by  HPIV-3,  a  previous 
study  (26)  has  reported  the  induction  of  MHC-I  (a  gene  whose 
expression  is  regulated  by  transactivating  function  of  NF-kB)  by 
UV-irradiated  (replication  incompetent)  HPIV-3  and  UV- 
inactivated  HPIV-3-induced  NF-kB  in  A549  cells  (data  not 
shown).  Further  studies  will  be  needed  to  identify  the  specific 
TLRs  involved  in  NF-kB  activation  by  HPIV-3.  In  contrast  to 
HPIV-3,  RSV  induced  NF-kB  late  after  replication  initiation  via 
the  MyD88-independent  pathway.  In  that  context,  previous 
studies  have  shown  that  in  contrast  to  alveolar  macrophages  or 
monocytes,  RSV  activated  NF-kB  late  during  infection  in  lung 


Fig.  6.  A  model  depicting  NF-xB-mediated  innate  antiviral  response  inde¬ 
pendent  of  IFN.  Rapid  activation  of  NF-kB  by  viruses  like  HPIV-3  via  the  MyD88 
pathway  early  during  infection  in  a  replication-independent  manner  confers 
an  intracellular  antiviral  state  in  the  infected  cells  (.Left).  Similarly,  viruses  like 
RSV  that  induce  NF-kB  late  after  infection  in  a  replication-dependent  manner, 
produce  TNF-a  and/or  11-1/3,  which,  by  mears  of  the  paracrine  mechanism, 
may  prime  uninfected  cells  (Right)  after  binding  to  its  cognate  receptors  to 
establish  an  NF-KB-dependent  antiviral  state.  In  addition,  exogenously  added 
TNF-a  or  IL-1 0,  and  the  production  of  these  cytokines  after  secondary  adaptive 
response  by  immune  cells,  could  prime  uninfected  cells  to  activate  NF-KB- 
mediated  antiviral  response  against  viruses  like  VSV  that  do  not  induce  NF-kB. 
TNFR,  TNF-a  receptor;  IL-1/3R,  IL-1/3  receptor. 


10894  |  www.pnas.org/cgi/doi/10.1073/pnas.1832775100 


Bose  eta/. 


epithelial  cells  (21, 22).  Moreover,  the  NF-kB  activation  by  RSV 
in  these  cells  were  replication  dependent,  because  UV- 
inactivated  RSV  (data  not  shown  and  ref.  40),  and  virus  repli¬ 
cation  inhibitors  (22)  failed  to  activate  RSV-dependent  NF-kB 
induction  in  A549  cells.  Similar  to  our  observation,  a  recent  study 
(41)  has  also  reported  TLR4-independent  and  replication- 
dependent  activation  of  NF-kB  by  RSV  in  lung  epithelial  cells. 
In  addition  to  MyD88,  we  observed  a  differential  requirement  of 
phosphatidylinositol  3-kinase  (PI3K)  (42)  for  induction  of 
NF-kB  by  HPIV-3  and  RSV.  Whereas  RSV  failed  to  induce 
NF-kB  in  A549  cells  after  inhibition  of  PI3K  activity  (ref.  43  and 
data  not  shown),  such  inhibition  had  no  effect  on  HPIV-3- 
mediated  NF-kB  activation  (data  not  shown). 

Based  on  our  results,  we  propose  a  model  for  the  direct 
establishment  of  an  IFN-independent  innate  antiviral  state  after 
NF-kB  activation  (Fig.  6).  Infection  of  human  epithelial  cells 
with  HPIV-3  rapidly  induces  (replication  independent)  NF-kB 
via  the  MyD88-dependent  IKK/IkB  pathway,  leading  to  the 
establishment  of  an  antiviral  state.  HPIV-3,  a  mildly  cytopathic, 
TNF-a-nonproducing  virus  (25,  26),  thus  induces  the  NF-kB 
antiviral  pathway  rapidly  to  restrict  its  own  replication  in  infected 
cells.  In  contrast,  NF-kB  failed  to  exert  its  antiviral  function 
against  viruses,  like  RSV,  which  activated  NF-kB  via  a  MyD88- 
independent  and  replication-dependent  pathway.  Although 
RSV  and  VSV  circumvents  the  antiviral  activity  of  NF-kB  in 
infected  cells,  activation  of  NF-kB  by  TNF-a  and  IL-1/3  (proin- 
f  lammatory  cytokines  whose  gene  is  regulated  by  transactivating 
function  of  NF-kB)  before  virus  replication  established  an 
intracellular  antiviral  state.  Thus,  in  the  absence  of  IFN  sensi¬ 


tivity  (37)  and  evasion  of  NF-KB-dependent  antiviral  response, 
TNF-a  and/or  IL- 1/3  produced  by  RSV-infected  cells  (44)  may 
prime  uninfected  cells  by  means  of  binding  to  their  cognate 
receptors,  to  restrict  the  spread  of  RSV  by  activating  NF-kB. 
Moreover,  TNF-a  and/or  IL-1/3  produced  after  secondary  adap¬ 
tive  response  by  immune  cells  (45,  46),  could  prime  uninfected 
cells  to  create  an  NF-KB-dependent  antiviral  state  against  vi¬ 
ruses  such  as  VSV,  that  do  not  induce  NF-kB  (21),  and  fail  to 
produce  IFN  from  infected  cells  (47). 

In  conclusion,  we  report  an  innate  antiviral  immune  response 
that  is  independent  of  the  well  established  IFN-induced  JAK/ 
STAT  pathway,  and  demonstrate  that  this  innate  antiviral  re¬ 
sponse  is  directly  mediated  by  NF-kB  after  its  activation,  either 
by  a  virus  or  by  proinflammatory  cytokines  like  TNF-a  and 
IL-1/3-  Thus,  NF-kB  acts  as  an  essential  host  antivirulence  factor 
to  restrict  the  systemic  spread  of  pathogens  by  not  only  producing 
IFN-/3  but  also  by  being  capable  of  directly  establishing  an 
IFN-independent  intracellular  antiviral  state  against  several 
RNA  cytoplasmic  viruses  by  an  alternative  pathway. 
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Phospholipid  scramblase  1  (PLSCR1)  is  an  interferon  (IFN)-  and  growth  factor-inducible,  calcium-binding 
protein  that  either  inserts  into  the  plasma  membrane  or  binds  DNA  in  the  nucleus  depending  on  its  state  of 
palmyitoylation.  In  certain  hematopoietic  cells,  PLSCR1  is  required  for  normal  maturation  and  terminal 
differentiation  from  progenitor  cells  as  regulated  by  select  growth  factors,  where  it  promotes  recruitment  and 
activation  of  Src  kinases.  PLSCR1  is  a  substrate  of  Src  (and  Abl)  kinases,  and  transcription  of  the  PLSCRI 
gene  is  regulated  by  the  same  growth  factor  receptor  pathways  in  which  PLSCRI  potentiates  afferent  signaling. 

The  marked  transcriptional  upregulation  of  PLSCRI  by  IFNs  led  us  to  explore  whether  PLSCRI  plays  an 
analogous  role  in  cellular  responses  to  IFN,  with  specific  focus  on  antiviral  activities.  Accordingly,  human  cells 
in  which  PLSCRI  expression  was  decreased  with  short  interfering  RNA  were  rendered  relatively  insensitive  to 
the  antiviral  activity  of  IFNs,  resulting  in  higher  titers  of  vesicular  stomatitis  tints  (VSV)  and  encephalomyo- 
carditis  virus.  Similarly,  VSV  replicated  to  higher  titers  in  mouse  PLSCR1~'~  embryonic  fibroblasts  than  in 
identical  cells  transduced  to  express  PLSCRI.  PLSCRI  inhibited  accumulation  of  primary  VSV  transcripts, 
similar  to  the  effects  of  IFN  against  VSV.  The  antiviral  effect  of  PLSCRI  correlated  with  increased  expression 
of  a  subset  of  IFN-stimulated  genes  (ISGs),  including  ISG15,  ISG54,  p56,  and  guanylate  binding  proteins.  Our 
results  suggest  that  PLSCRI,  which  is  itself  an  ISG-encoded  protein,  provides  a  mechanism  for  amplifying  and 
enhancing  the  IFN  response  through  increased  expression  of  a  select  subset  of  potent  antiviral  genes. 


Interferons  (IFNs)  are  the  principal  cytokines  responsible 
for  mediating  innate  immunity  against  viral  infections  (7).  How 
IFNs  establish  an  antiviral  state  in  cells  has  been  a  subject  of 
investigation  since  their  discovery  (21).  Nevertheless,  mecha¬ 
nisms  of  IFN  action  against  viral  infections  remain  incom¬ 
pletely  understood.  IFN  antiviral  studies  have  largely  focused 
on  several  types  of  IFN-stimulated  genes  (ISGs),  including  the 
double-stranded  RNA  (dsRNA)-activated  protein  kinase  (PKR), 
human  myxovirus  resistance  proteins  (Mx),  2',5'-oligoadenyl- 
ate  synthetase  (OAS)  and  its  effector  protein  RNase  L,  ISG56 
(p56),  dsRNA-specific  adenosine  deaminase,  and  guanylate 
binding  proteins  (GBP)  (35).  Given  the  critical  role  of  innate 
immunity  in  survival  from  infections,  it  is  not  surprising  that 
the  antiviral  action  of  IFNs  is  complex  and  involves  multiple 
overlapping  or  related  pathways.  For  instance,  mice  that  are 
triply  deficient  for  RNase  L.  PKR,  and  Mxl  are  nevertheless 
able  to  mount  a  substantial,  residual  IFN  antiviral  response 
(48).  Therefore,  identification  of  all  of  the  antiviral  ISGs  is  an 
important  step  toward  a  more  complete  appreciation  and  un¬ 
derstanding  of  innate  immunity.  In  this  regard,  within  the  past 
several  years,  global  gene  expression  profiles  from  IFN-treated 
cells,  obtained  by  DNA  microarrays,  have  expanded  the  num¬ 
ber  of  known  ISGs  from  about  33  to  >200  (12,  13). 
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Phospholipid  scramblase  1  (PLSCRI)  is  a  novel  ISG  iden¬ 
tified  as  such  by  way  of  DNA  microarray  analysis  and  con¬ 
firmed  by  detailed  analysis  of  the  PLSCRI  promoter  (12,  49, 
50).  In  fact,  PLSCRI  is  highly  induced  by  IFN-ol,  -(3,  and  --y  and 
also  by  various  growth  factors,  including  epidermal  growth 
factor  (EGF),  stem  cell  factor,  and  granulocyte  colony-stimu¬ 
lating  factor  (30,  51).  PLSCRI  is  a  multiply  palmitoylated, 
lipid-raft-associated  endofacial  plasma  membrane  protein, 
with  a  proline-rich  cytoplasmic  domain  containing  several  SH3 
and  WW  domain  binding  motifs  (38).  PLSCRI  is  proposed  to 
accelerate  bidirectional  movement  of  plasma  membrane  phos¬ 
pholipids  during  conditions  of  elevated  calcium  (50).  Trans¬ 
membrane  movement  of  phospholipids  in  response  to  calcium, 
however,  is  unaffected  by  either  IFN  treatment  or  PLSCRI 
deletion  (14,  49,  51). 

Although  the  precise  biologic  function(s)  of  PLSCRI  and  its 
related  isoforms  PLSCR2  to  4  remain  to  be  determined  (38), 
recent  studies  provide  intriguing  evidence  of  a  role  in  cell 
signaling,  maturation,  and  apoptosis.  For  instance,  prolifer¬ 
ation  and  terminal  differentiation  of  certain  hematopoietic 
stem  cells  (granulocyte  precursor)  populations  is  impaired  in 
PLSCRl-null  mice  (51),  and  in  both  monocytic  and  granulo¬ 
cytic  lineages,  expression  of  this  protein  markedly  increases 
with  terminal  differentiation  into  polymorphonuclear  leuko¬ 
cytes  or  macrophages.  Conversely,  mutations  affecting  murine 
PLSCRI  have  been  associated  with  a  leukemogenic  pheno¬ 
type,  which  is  reversed  upon  expression  of  the  wild-type  (full- 
length)  protein  (24,  25).  PLSCRI  suppressed  ovarian  carci- 
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noma  in  an  animal  model  (37),  and  elevated  expression  of 
PLSCR1  has  been  shown  to  be  required  for  normal  myeloid 
differentiation  (51).  Finally,  there  is  recent  evidence  that  the 
level  of  expression  of  this  protein  correlates  with  overall  sur¬ 
vival  in  acute  myelogenous  leukemia  (46).  PLSCR1  is  phos- 
phorylated  by  select  protein  kinases,  including  Abl  and  Src, 
tyrosine  kinases  that  participate  in  multiple  growth  factor  re¬ 
ceptor  signaling  pathways  (30,  32,  41).  Tyrosine  phosphor¬ 
ylation  of  PLSCR1  by  c-Src  occurs  in  response  to  growth 
factors  such  as  EGF,  resulting  in  association  of  phosphory- 
lated  PLSCR1  with  She  and  the  activated  EGF  receptor 
complex  (30).  In  the  absence  of  PLSCR1,  the  activation  of 
c-Src  kinase  through  EGF  receptor  (and  related  receptors) 
is  markedly  attenuated,  suggesting  that  PLSCR1  plays  a  role 
in  growth  factor-dependent  recruitment  or  activation  of  c- 
Src  kinase,  potentially  through  its  interaction  in  membrane 
lipid  rafts  (30, 40).  Palmitoylation  of  PLSCR1  is  required  for 
insertion  into  the  plasma  membrane  (44).  However,  when  pal¬ 
mitoylation  does  not  occur,  the  importin  a/p  nucleopore  trans¬ 
port  system  has  recently  been  shown  to  import  PLSCR1  into 
the  nucleus  where  it  binds  DNA  (6,  44).  Accordingly,  newly 
synthesized  PLSCR1  appeared  in  nuclei  after  IFN  induction  of 
PLSCR1  in  the  human  ovarian  carcinoma  cell  line,  Hey  IB 
(44).  PLSCR1  is  the  only  member  of  the  PLSCR  family  thus 
far  shown  to  be  inducible  by  IFNs.  These  findings  raise  the 
possibility  that  PLSCR1  may  contribute  to  the  antiviral  effects 
of  IFNs  by  affecting  viral  penetration,  IFN-stimulated  cell  sig¬ 
naling  pathways  at  the  plasma  membrane,  the  transcription  of 
antiviral  genes  in  the  nucleus,  and/or  by  directly  blocking  spe¬ 
cific  stages  in  the  viral  replication  cycle.  To  determine  the 
involvement  of  PLSCR1  in  the  IFN-induced  antiviral  state, 
we  have  compared  viral  replication  in  wild-type  and 
PLSCR  1  _/“  mouse  cells  as  well  as  in  human  cells  in  which 
PLSCR  1  levels  were  decreased  with  short  interfering  RNA 
(siRNA).  Our  results  demonstrate  a  marked  suppression  of 
viral  replication  by  PLSCR1  which  is  accompanied  by  the  en¬ 
hanced  expression  of  a  specific  subset  of  antiviral  ISGs. 

MATERIALS  AND  METHODS 

Cell  lines.  The  methods  for  establishment  of  mouse  embryonic  fibroblasts 
(MEFs)  from  C57BL/6  X  SVcvl29  mice  were  previously  described  (30).  Briefly, 
primary  MEFs  were  isolated  from  embryos  of  PLSCR  1*'*  mice  (51)  or  wild-type 
mice  and  immortalized  by  transfection  with  plasmid  simian  virus  40  large  T 
antigen  cDNA-pSV2  (KOI,  PLSCR  1  and  wild-type  cells).  Mouse  PLSCR1 
(mPLSCRl)  cDNA  was  cloned  into  a  modified  murine  stem  cell  virus  (MSCV)- 
internal  ribosome  entry  site  (IRES)-green  fluorescence  protein  (GFP)  vector, 
MSCV-IRES-GFP  (derived  from  a  plasmid  generously  provided  by  Ruibao  Ren, 
Brandeis  University),  and  transfected  into  the  packaging  cell  line,  PT-67  (BD 
Clontech),  to  yield  infectious  virus.  mPLSCRl-MSCV-lRES-GFP  was  con¬ 
structed  as  follows:  v-abl-MSCV-IRES-GFP  was  digested  with  EcoRl  and 
BamHI  to  remove  v-abl  cDNA.  An  Slil  cutting  site  (GGCCGCCTCGGCC)  was 
inserted  into  the  multiple  cloning  site  of  the  MSCV-IRES-GFP  vector  by  PCR- 
mediated  insertion.  mPLSCRl  cDNA  was  cloned  into  the  EcoRl  and  Sfil  sites  of 
the  modified  MSCV-IRES-GFP  vector.  The  KOI  MEFs  were  infected  with 
MSCV-mPLSCRl-lRES-GFP  virus  to  generate  KI  cells,  or  control  MSCV-IRES- 
GFP  virus  was  used  to  infect  KOI  cells  to  generate  K02  cells.  Infected  cells  were 
sorted  by  flow  cytometry  with  GFP  as  an  indicator  to  collect  cells  with  similar 
expression  levels  of  GFP.  The  expression  of  PLSCR1  was  confirmed  by  Western 
blotting  with  monoclonal  antibody  against  mPLSCRl(lA8)  (30).  The  human 
ovarian  carcinoma  cell  line  HeylB  (a  gift  from  Alexander  Marks,  University  of 
Toronto,  and  Yan  Xu,  Cleveland  Clinic)  (4)  and  mouse  L929  and  NIH  3T3  cells 
were  cultured  in  Dulbecco's  modified  Eagle’s  medium  (DMEM)  supplemented 
with  streptomycin-penicillin  and  10%  heat-inactivated  fetal  bovine  serum  (FBS). 

HeylB  cells  stably  expressing  siRNA  were  established  as  described  previously 


(10).  Plasmid  pSUPERbPLSCRi  was  generated  by  cloning  a  19-nucleotide  se¬ 
quence  (beginning  92  nucleotides  from  the  translation  start  site  in  the  human 
PLSCR1  [hPLSCRl]  mRNA)  separated  by  aspacer  from  its  reverse  complement 
as  a  Bglll/Hindlll  fragment  (synthesized  at  Invitrogen)  into  the  pSUPER  vector, 
which  directs  synthesis  of  an  RNA  from  the  Hl-RNA  promoter  that  is  processed 
in  the  cell  to  siRNA  (10).  The  sequences  for  primers  of  siRNA  of  hPl-SCRl  are 
5’-GAT-CCC-CGG-ACC-TCC-AGG-ATA-TAG-TGT-TCA-AGA-GAC-ACT- 
ATA-TCC-TGG-AGG-TCC-TTT-TTG-GAA-A-3’  and  3'-GG-GCC-TGG- 
AGG-TCC-TAT-ATC-ACA-AGT-TCT-CTG-TGA-TAT-AGG-ACC-TCC- 
AGG-AAA-AAC-CTT-TTC-GA-5'.  The  sequences  for  primers  of  the  mismatch 
control  are  5'-GAT-CCC-CGG-ACG-TCC-TGG-ATT-TAG-TGT-TCA-AGA- 
GAC-ACT-AAA-TCC-AGG-ACG-TCC-TTT-TTG-GAA-A-3  and  3’-GG- 
GCC-TGC-AGG-ACC-TAA-ATC-ACA-AGT-TCT-CTG-TGA-TJT-AGG- 
TCC-TGC-AGG-AAA-AAC-CTT-TTC-GA-5'  (mismatched  nucleotides  are 
underlined).  The  oligonucleotides  were  annealed  by  incubation  in  100  mM 
potassium  acetate,  30  mM  HEPES-KOH  (pH  7.4),  and  2  mM  magnesium  ace¬ 
tate  at  95°C  for  4  min  and  then  at  70°C  for  10  min.  The  reaction  mixtures  were 
slowly  cooled  to  4°C,  and  annealed  oligonucleotides  were  phosphoryiated  with 
T4  polynucleotide  kinase  at  37°C  for  30  min  and  incubated  at  70°C  for  10  min. 
Ligation  of  the  oligonucleotides  was  to  pSUPER  digested  with  Bglll  and  Hin- 
dlll.  The  vectors  containing  siRNA  to  hPLSCRl,  the  3-base  mismatch  control, 
and  empty  vector  were  each  cotransfected  with  plasmid  pBABE  containing  a 
puromycin  resistance  gene  (10)  into  HeylB  cells  by  using  Lipofectamine  2000 
(Invitrogen).  Stable  cell  lines  were  selected  by  continuous  culturing  in  media 
containing  2  p.g  of  puromycin  per  ml.  PLSCR1  expression  levels  in  cell  lines  were 
determined  on  Western  blots  probed  with  rabbit  anti-hPLSCRl  peptide  305-318 
antibody  (50)  and  anti-rabbit  immunoglobulin  G  (IgG)  horseradish  peroxidase 
(HRP)-linked  (Cell  Signaling)  and  g-actin  monoclonal  antibodies  (Sigma  Co.). 
Forty-seven  clones  expressing  siRNA  to  PLSCR1  were  isolated  and  screened  by 
Western  blot  assays,  of  which  about  20  clones  had  PLSCR  1  protein  levels  that 
were  s2-fold  that  of  untreated  parental  cells.  The  siRNA  clone  that  had  the 
lowest  level  of  PLSCR1  was  used  in  these  studies.  In  addition,  individual  clones 
containing  the  empty  vector  and  the  vector  expressing  the  mismatch  siRNA  were 
isolated  and  determined  by  Western  blotting  to  have  PLSCR1  levels  that  were 
similar  to  those  of  the  parental  cells. 

VSV  purification  and  infections.  Wild-type  vesicular  stomatitis  virus  (VSV) 
and  an  M  protein  late-budding  domain  or  PY  motif  mutant  (AAPA)  (both  were 
the  Indiana  strain)  were  propagated  in  BHK-21  cells  (17).  VSV  was  either  from 
infected  cell  supernatant  or  was  purified  by  sucrose  gradient  sedimentation  (3)  as 
indicated  in  the  text.  Briefly,  virus  in  culture  medium  was  pelleted  by  ultracen¬ 
trifugation  at  80,000  xg  in  a  Beckman  Rotor  SW41  or  SW  28  for  120  min  at  4°C. 
Virus  pellets  were  suspended  in  phosphate-buffered  saline  (PBS)  for  16  h  at  4°C, 
loaded  onto  0  to  40%  sucrose  gradients  in  50  mM  Tris-HCl  (pH  7.6),  250  mM 
NaCl,  and  0.5  mM  EDTA,  and  centrifuged  at  35,000  X  g  in  a  Beckman  rotor  SW 
41  for  90  min.  The  clear,  white  layer  containing  virus  was  collected  and  sus¬ 
pended  in  PBS  at  4°C  overnight,  and  the  purified  virus  was  stored  at  -  70°C.  Ail 
virus  titers  were  determined  by  plaque  assay  (45)  on  soft  agar  overlays  of  L929 
cells  in  six-well  plates  for  incubation  at  37°C  for  1  to  2  days. 

VSV  infections  were  done  after  seeding  cells  in  six-well  plates  (at  3  X  103  to 
4  X  10'  cells  per  well)  and  incubating  them  at  3TC  in  5%  C02  overnight.  Cells 
were  washed  once  with  PBS  and  infected  with  a  0.1  multiplicity  of  infection 
(MOI)  of  VSV  in  FBS-free  DMEM  (Invitrogen)  for  1  h  followed  by  replacement 
of  media  with  DMEM-10%  FBS  for  different  periods  of  time  as  indicated  in  the 
text.  Cells  were  lysed  with  buffer  containing  1%  Triton  X-100,  25  mM  Tris-HCI 
(pH  8.0),  150  mM  NaCl,  1%  sodium  dcoxycholate,  and  10  ng  of  leupeptin  per  ml, 
and  extracts  were  centrifuged  at  16,000  x  g  for  20  min.  Media  from  infected  cells 
were  assayed  for  virus  by  plaque  assays  or  for  viral  proteins  in  media  of  infected 
cells  or  supernatant  of  the  cell  lysates  by  Western  immunoblot  assays. 

Immunobiots.  Rabbit  antibody  4720  against  N-terminal  residues  1  to  12  of 
mPLSCRl  (41)  and  rabbit  antibody  against  C-terminal  residues  306  to  318  of 
hPLSCRl  (50)  were  previously  described  (each  are  rabbit  antipeptide  antisera 
that  are  affinity  purified  on  the  peptide  and  thus  used  as  allinity-purified  IgG). 
Other  antibodies  used  were  rabbit  anti-N  protein  of  VSV  (8),  rabbit  anti-L 
protein  of  VSV  raised  against  a  synthetic  peptide  corresponding  to  amino- 
terminal  residues  5  to  19  of  the  L  protein  (29),  mouse  monoclonal  anti- VSV  M 
protein  (a  gift  from  D.  S.  Lyles,  Winston-Salem,  N.C.),  mouse  monoclonal  anti- 
VSV  G  protein  (no.  1667351;  Roche),  rabbit  anti-p56  (a  gift  from  Ganes  Sen, 
Cleveland,  Ohio)  (16),  mouse  monoclonal  anti-pl5  (from  Ernest  Borden,  Cleve¬ 
land,  Ohio)  (1 1),  rabbit  anti-mGBP-2  (from  Deborah  Vestal.  Toledo,  Ohio)  (42), 
and  monoclonal  anti-g-actin  (catalog  number  A-5441;  Sigma  Co.).  Proteins  (30 
to  60  (j.g)  in  cell  extracts  or  25  p.1  of  medium  from  virus-infected  cells  was 
separated  on  8  to  12%  polyacrylamide-sodium  dodecyl  sulfate  (SDS)  gels  and 
transferred  onto  Immobilon-P  transfer  membranes  (Millipore  Co.).  Blots  were 
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blocked  with  PBS  containing  0.07%  Tween  (PBS-T)  and  5%  fat-free  dried  milk 
for  1  h  and  then  incubated  with  primary  antibodies  in  the  same  blocking  buffer 
at  room  temperature  for  2  h  or  at  4°C  for  16  h.  The  blots  were  washed  three  times 
with  PBS-T.  After  a  1-h  incubation  of  blots  with  secondary  antibody,  anti-mouse 
IgG-HRP,  or  anti-rabbit  IgG-HRP  (Cell  Signaling  Co.)  and  four  washes  with 
PBS-T,  protein  bands  were  visualized  with  enhanced  chemiluminescence  detec¬ 
tion  reagents  (Amersham  Co).  Protein  amounts  were  estimated  with  the  NIH 
Image  (version  1.61)  computer  program. 

VSV  adsorption  and  penetration.  The  ,sS-labeled  VSV  was  prepared  from  2  X 
107  BHK-21  cells  infected  with  VSV  (MOI  =  0.1)  in  methionine-free  DMEM 
(Invitrogen  Co.)  in  the  absence  of  scrum  for  1  h  and  washed  with  PBS.  Methi¬ 
onine-free  DMEM  containing  both  3  pg  of  actinomycin  D  per  ml  and  1.4  mCi  of 
[,5S]methionine  was  added  to  the  cells,  and  cells  were  incubated  for  24  h.  The 
,5S-labeled  VSV  in  the  media  was  purified  by  sucrose  gradient  sedimentation  as 
described  above.  KO  and  K1  cells  were  plated  1  day  prior  to  infection  in  12-well 
plates  with  6  X  104  cells  per  well  and  incubated  with  purified  !sS-labeled  VSV 
(MOI  =  4)  in  FBS-free  DMEM  at  37°C  for  1  h.  After  cells  were  washed  twice 
with  PBS,  complete  DMEM  with  10%  FBS  was  added  and  cells  were  incubated 
for  1.5  h.  Lysis  buffer  was  added  to  the  cells  after  the  cells  were  washed  three 
times  with  PBS.  The  cell  lysates  were  centrifuged  at  16,000  X  g  for  20  min,  the 
protein  extracts  were  fractionated  on  10%  polyacrylamide-SDS  gels,  and  an 
autoradiogram  was  prepared  from  the  dried  gels.  Radiolabeled  viral  protein 
amounts  were  estimated  by  using  NIH  Image  (version  1.61). 

Primary  VSV  mRNA  transcript  accumulation.  VSV  N  mRNA  accumulation 
owing  to  primary  transcription  was  measured  as  described  previously  (8).  K02 
and  KI  cells  were  pretreated  with  1,000  U  of  recombinant  human  IFN-a  A/D 
(Hoffmann  LaRoche,  Inc.)  per  ml  for  16  h  and  washed  with  PBS  once.  Cycio- 
heximide  (10  pg/'ml)  in  DMEM  with  10%  FBS  was  added  to  the  cells  for  2.5  h 
followed  by  washing  with  PBS.  Purified  VSV  at  an  MOI  of  0.5  with  FBS-free 
DMEM  and  10  pg  of  cydohcximide/m!  was  added  to  the  cells  for  1  h.  After 
removing  the  virus,  cells  were  incubated  with  10%  FBS-DMEM  with  cyclohex- 
imide  (10  pg  per  ml)  for  3,  5,  and  8  h  before  cells  were  harvested  for  RNA 
extraction  with  Trizol  (Invitrogen).  RNA  (10  pg)  was  separated  on  1.2%  agar¬ 
ose-formaldehyde  gels,  transferred  to  a  Hybond-N'  membrane  (Amersham 
Biosciences),  and  cross-linked  with  UV.  The  blots  were  incubated  with  ULTRA- 
hyb  (Ambion)  hybridization  buffer  at  42°C  for  4  h,  prior  to  the  addition  of 
'-P-cDNA.  encoding  the  VSV  N  protein  (8,  20,  33),  which  was  labeled  by  using 
the  Primc-a-Gene  system  (Promega)  at  42°C  for  1 6  h.  The  autoradiograms  of  the 
blots  were  prepared  after  washing  four  times  al  50°C  in  2x  SSC  (1  x  SSC  is  0.15 
M  NaCl  plus  0.015  M  sodium  citrate)  with  0.1%  SDS.  The  blots  were  stripped 
and  reprobed  with  32P-labeled  (J-actin  cDNA. 

EMCV  infections.  Encephalomyocarditis  virus  (EMCV)  (a  gift  of  1.  Kerr, 
London,  England)  was  propagated  by  infecting  L929  cells,  collecting  the  cell 
supernatants,  and  clearing  by  centrifugation  at  16,000  x  g  for  20  min  at  4SC. 
Virus  titers  were  determined  by  plaque  assays  with  L929  cells.  EMCV  was  used 
to  infect  cells  at  an  MOI  of  0.01,  in  FBS-free  DMEM  tor  adsorption  (1  h),  which 
was  then  replaced  with  10%  FBS-DMEM.  The  media  containing  progeny  virus 
were  collected  after  24  and  40  h. 

Gene  expression  profiling  by  use  of  custom  cDNA  microarrays.  Cells  stably 
expressing  siRNA  to  hPLSCRl  and  mismatch  control  and  vector  control  cells 
were  plated  in  triplicate  at  4  x  105  cells  per  well  in  six-well  plates  and  incubated 
at  37°C  with  5%  C02  for  16  h.  Cells  were  incubated  in  the  absence  and  presence 
of  1,000  U  of  human  IFN-p  (lntcrpharma)  per  ml  for  8  h  and  washed  with  PBS. 
Total  RNA  was  extracted  with  Trizol  reagent  while  identically  treated  cells  were 
harvested  for  determining  PLSCR1  levels. 

Array  construction.  The  array  used  in  this  study  comprised  a  subset  of  se¬ 
quence-verified  cDNA  clones  from  the  Research  Genetics,  Inc.,  40,000-clone  set 
representing  950  genes  containing  adenylate-uridylate-rich  elements  and  18  genes 
potentially  involved  in  AU-directed  mRNA  decay  as  previously  described  (15),  855 
ISGs  representing  an  expansion  of  a  previously  described  clone  set  containing 
confirmed  and  candidate  genes  stimulated  by  IFNs  in  diverse  cell  types  (13),  288 
genes  responsive  to  the  viral  analog  poly(l-C),  and  85  housekeeping  genes.  DNA 
preparation  and  slide  printing  were  as  previously  described  except  for  the  use  of 
40%  dimethyl  sulfoxide  in  place  of  1.5X  SSC  as  the  printing  solution  (15). 

Target  RNA  preparation.  Target  RNA  was  generated  in  a  T7  polymerase- 
based  linear  amplification  reaction  based  on  a  modified  version  of  a  published 
protocol  (43).  Two  micrograms  of  total  RNA  and  5  pmol  of  TFftiTEi  primer 
(5'-GGCCAGTGAATTGTAATACGACTCACTATAGGGAGGCGG-(dT)24. 
3']  in  a  total  volume  of  5.5  p.1  was  incubated  at  70°C  for  10  min  and  chilled  on 
ice.  For  first-strand  cDNA  synthesis,  the  annealed  RNA  template  was  incubated 
for  1  h  at  42°C  in  a  10-p.l  reaction  mixture  containing  first-strand  buffer  (Invitro¬ 
gen),  10  mM  dithiothreitol,  1  U  of  anti-RNase  (Ambion)  per  pi,  500  pM 
deoxynucleoside  triphosphates,  and  2  U  of  Superscript  II  (Invitrogen)  per  pi. 


Second-strand  synthesis  was  for  2  h  at  16°C  in  a  total  reaction  volume  of  50  pi 
containing  first-strand  reaction  products,  second-strand  buffer  (Invitrogen),  250 
pM  deoxynucleoside  triphosphates,  0.06  U  of  DNA  ligase  (Ambion)  per  pi,  0.26 
U  of  DNA  polymerase  I  (New  England  Biolabs)  per  pi,  and  0.012  U  of  RNase 
H  (Ambion)  per  pi  followed  by  the  addition  of  3.3  U  of  T4  DNA  polymerase  (3 
U  per  pi;  New  England  Biolabs)  and  a  further  15  min  of  incubation  at  16°C. 
Second-strand  reaction  products  were  purified  by  phenol-chloroform-isoamyl 
alcohol  extraction  in  Phaselock  microcentrifuge  tubes  (Eppendorf)  according  to 
the  manufacturer's  instructions  and  ethanol  precipitated.  In  vitro  transcription 
was  performed  by  using  the  T7  megascript  kit  (Ambion)  according  to  a  modified 
protocol  in  which  purified  cDNA  was  combined  with  1  pi  (each)  of  lOx  ATP, 
GTP,  CTP,  and  UTP  and  1  pi  of  T7  enzyme  mix  in  a  10-pl  reaction  volume  and 
incubated  for  9  h  at  37°C.  Amplified  RNA  was  purified  by  using  the  Rneasy  RNA 
purification  kit  (Ambion)  according  to  the  manufacturer’s  instructions. 

RNA  labeling.  Cy3-  or  Cy5-labeled  cDNA  was  prepared  by  indirect  incorpo¬ 
ration.  Two  micrograms  of  amplified  RNA,  1  pi  of  dT^.,,,  primer  (1  pg  per  pi; 
Invitrogen),  2.6  pi  of  random  hexanucleotides  (3  pg  per  pi;  Invitrogen),  and  1  pi 
of  anti-RNase  (Ambion)  were  combined  in  a  reaction  volume  of  15.5  pi  and 
incubated  for  10  min  at  70°C.  Reverse  transcription  was  for  2  h  at  42°C  in  a  30-pl 
reaction  mixture  containing  annealed  RNA  template,  first-strand  buffer,  500  pM 
(each)  dATP,  dCTP,  and  dGTP,  300  pM  dTTP,  200  pM  aminoallyl-dUTP 
(Sigma),  10  mM  dithiothreitol,  and  12.7  U  of  Superscript  I!  per  pi.  For  template 
hydrolysis,  10  pi  of  0.1  M  NaOH  was  added  to  the  reverse  transcription  reaction 
mixture  and  the  mixture  was  incubated  for  10  min  at  70°C,  allowed  to  cool  at 
room  temperature  for  5  min,  and  neutralized  by  the  addition  of  10  pi  of  0.1  M 
HC1.  cDNA  was  precipitated  at  -20°C  for  30  min  after  the  addition  of  1  pi  of 
linear  acrylamide  (Ambion),  4  pi  of  3  M  sodium  acetate  (pH  5.2),  and  100  pi  of 
absolute  ethanol,  and  then  resuspended  in  5  pi  of  0.1  M  N'aHCO,.  For  dye 
coupling,  the  contents  of  1  tube  of  A'-hydroxysuccinimide  ester  containing  Cy3  or 
Cy 5  dye  (product  no.  PA25001  and  PA25002;  Amersham  Biosciences)  was  dis¬ 
solved  in  45  pi  of  dimethyl  sulfoxide.  Five  microliters  of  dye  solution  was  mixed 
with  the  cDNA  and  incubated  for  1  h  in  darkness  at  room  temperature.  Labeled 
cDNA  was  purified  on  a  QIAquick  PCR  purification  column  (QIAGEN)  ac¬ 
cording  to  the  manufacturer's  instructions.  Eluted  cDNA  was  dried  under  a 
vacuum  and  resuspended  in  30  pi  of  Slidehyb  II  hybridization  buffer  (Ambion). 
After  2  min  of  denaturation  at  95°C,  the  hybridization  mixture  was  applied  to  the 
microarray  slide  under  a  coverslip.  Hybridization  proceeded  overnight  in  a 
sealed  moist  chamber  in  a  55°C  water  bath.  Posthybridization,  slides  were  washed 
successively  for  5  min  each  in  2x  SSC-0.1%  SDS  at  55°C,  then  in  2x  SSC  at 
55°C,  and  finally,  in  0.2x  SSC  at  room  temperature. 

Acquisition  and  normalization  of  data.  Data  were  acquired  with  a  GenePix 
4000B  laser  scanner  and  GenePix  Pro,  version  5.0,  software  as  previously  de¬ 
scribed  (15).  Raw  data  were  imported  into  GeneSpring,  version  6.0,  software 
(Silicon  Genetics)  and  normalized  based  on  the  distribution  of  all  values  with 
locally  weighted  linear  regression  before  further  analysis. 

RESULTS 

PLSCR1  contributes  to  antiviral  activities  of  IFNs.  To  in¬ 
vestigate  the  involvement  of  PLSCR1  in  the  IFN-induced  an¬ 
tiviral  state,  PLSCR1  levels  were  stably  decreased  in  the  hu¬ 
man  ovarian  carcinoma  cell  line  HeylB  by  using  an  siRNA 
approach.  An  siRNA  against  a  PLSCR1  mRNA  target  site,  92 
to  1 10  nucleotides  3'  to  the  translation  start  site,  was  generated 
from  a  DNA  sequence  cloned  into  plasmid  pSUPER  (10).  As 
a  control,  siRNA  was  generated  with  3  mismatched  nucleo¬ 
tides  to  the  same  PLSCR1  sequence  and  with  compensatory 
base  changes  in  the  opposite  strand  to  maintain  base  pairing. 
In  addition,  cells  containing  the  empty  plasmid  vector  were 
also  used  as  controls.  Extracts  of  stable  clones  obtained  by  drug 
selection  were  screened  for  PLSCR1  expression  in  Western 
blots  probed  with  antibodies  to  both  PLSCR1  and  P-actin.  Cell 
lines  with  empty  vector  (vector  control)  and  with  the  mismatch 
siRNA  showed  similar  basal  levels  of  PLSCR1  that  increased 
markedly  with  IFN-p  treatment  (Fig.  1A,  lanes  1  to  4).  In  con¬ 
trast,  the  PLSCR1  siRNA  plasmid  reduced  the  basal  expres¬ 
sion  of  PLSCR1  by  about  10-fold  (relative  to  basal  expression 
in  untreated  controls).  Furthermore,  the  IFN-induced  level  of 
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FIG.  1 .  Decreasing  levels  of  PLSCR1  with  siRNA  suppresses  the  anti-VSV  activity  of  IFN  in  human  HeylB  cells.  Hey  1 B  cells  stably  transfected 
with  pSUPER  lacking  insert  (vector  control)  or  pSUPER  expressing  the  siRNA  mismatch  control  or  siRNA  to  PLSCR1  were  incubated  with  or 
without  human  IFN-fl  (1,000  U  per  ml)  for  8  h  and  were  then  infected  with  purified  VSV  at  an  MOI  of  0.1  for  16  and  24  h.  (A)  Levels  of  hPLSCRI, 
VSV  N  protein,  p56,  and  g-actin  were  determined  at  24  h  postinfection  from  cell  extracts  in  Western  blots  probed  with  antibodies.  (B)  VSV  yields 
were  determined  by  plaque  assays  after  combining  media  from  triplicate  cultures  of  infected  cells  preincubated  in  the  presence  (  +  )  or  absence  (-) 
of  IFN-p  (as  indicated). 


PLSCR1  was  also  suppressed  severalfold  through  PLSCR1- 
specific  siRNA  compared  to  the  IFN-stimulated  controls  not 
containing  the  PLSCR1  siRNA  plasmid  (Fig.  1A,  top  panel, 
compare  lanes  2,  4,  and  6). 

To  investigate  the  potential  antiviral  effect  of  PLSCR1,  cells 
were  incubated  in  the  presence  or  absence  of  IFN-p  (1,000  U 
per  ml)  for  8  h  and  subsequently  infected  with  the  VSV  Indi¬ 
ana  strain  at  an  MOI  of  0.1  (a  member  of  the  Rhabdoviridae 
family  of  enveloped,  nonsegmented  negative-strand  RNA  vi¬ 
ruses).  Levels  of  VSV  N  protein  and  p56  (encoded  by  an  ISG) 
were  determined  at  24  h  postinfection  (Fig.  1A).  VSV  N  pro¬ 


tein  amounts  were  greatly  reduced  by  IFN-p  in  both  the  vector 
control  and  siRNA  mismatch-expressing  cells  (Fig.  1A,  lanes  1 
to  4).  Remarkably,  however,  N  protein  levels  appeared  only 
slightly  decreased  after  IFN-p  treatment  of  cells  with  siRNA  to 
PLSCR1  (Fig.  1  A,  lane  6).  Furthermore,  reducing  the  PLSCR1 
levels  resulted  in  increases  of  VSV  yields  (about  1  log,0  unit) 
by  16  h  but  not  at  24  h  postinfection,  possibly  indicating  that 
PLSCR1  was  causing  a  delay  in  the  replication  cycle  (Fig.  IB). 
The  antiviral  effect  of  IFN-p  at  both  16  and  24  h  postinfection, 
however,  was  substantially  impaired  when  PLSCR1  levels  were 
decreased  (Fig.  IB).  At  24  h  postinfection,  IFN-P  reduced 
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FIG.  2.  PLSCR1  suppresses  EMCV  replication  in  HeylB  cells. 
HeylB  cells  stably  transfected  with  empty  vector  (vector  control,  white 
bars)  or  with  vector  expressing  mismatched  siRNA  (hatched  bars)  or 
PLSCR1  siRNA  (black  bars)  were  treated  with  IFN-|3  (1,000  U  per  ml) 
for  8  h  and  infected  with  EMCV  (MOI  of  0.01)  for  24  and  40  h.  Viral 
titers  from  combining  media  of  triplicate  infected  cultures  of  cells  were 
determined  by  plaque  assays.  +,  present;  — ,  absent. 


VSV  yields  by  about  200-fold  in  the  vector  control  and  siRNA 
mismatch  cells,  whereas  the  IFN  effect  was  only  5-fold  in  the 
cells  expressing  PLSCR1  siRNA  (Fig.  IB).  To  monitor  IFN 
induction  of  gene  expression,  levels  of  p56  protein  were  mea¬ 
sured  with  a  monoclonal  antibody.  IFN-(5  treatment  of  both 
the  empty  vector  and  mismatch  siRNA  control  cells  induced  p56 
to  severalfold-higher  levels  than  in  the  IFN-treated  PLSCR1 
siRNA  cells  (Fig.  1A,  lanes  2, 4,  and  6).  The  effect  of  PLSCR1 
on  p56  expression  required  the  addition  of  exogenous  IFN  and 
was  not  observed  with  virus  alone.  These  results  suggested  a 
possible  contribution  of  PLSCR1  to  IFN  induction  of  gene 
expression.  There  was  no  increase  of  p56  expression  in  the 
control  siRNA-expressing  cells  (Fig.  1A,  compare  lanes  1  and 
3),  suggesting  that  pSUPER  expression  of  siRNA  in  these  cells 
did  not  produce  an  off-target,  nonspecific  effect  on  ISG  expres¬ 
sion  (9,  39).  This  conclusion  was  supported  by  gene  array 
results  (see  below). 

To  determine  whether  the  antiviral  activity  of  PLSCRI  was 
specific  for  VSV,  growth  of  EMCV  (a  member  of  the  Picor- 
naviridae  family  of  nonenveloped,  positive-strand  RNA  vi¬ 
ruses)  was  compared  in  the  different  cell  lines  (Fig.  2).  The 
HeylB  cells  were  incubated  in  the  presence  or  absence  of 
human  IFN-p  (1,000  U  per  ml)  for  8  h  and  then  infected  with 
EMCV  at  an  MOI  of  0.01.  In  the  absence  of  IFN,  suppression 
of  basal  PLSCRI  expression  by  specific  siRNA  resulted  in  an 
about  10-fold  increase  in  viral  replication  at  24  h  postinfection, 
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FIG.  3.  PLSCRI  enhances  expression  of  a  set  of  ISGs  as  determined  in  DNA  microarrays.  HeylB  cells  expressing  siRNA  mismatch  or  siRNA 
to  PLSCRI  were  incubated  with  or  without  IFN-(3  (1,000  U/ml)  for  8  h.  Gene  array  results  are  from  RNA  samples  isolated  from  triplicate  cultures 
of  IFN-treated  or  control  cells.  Numbers  represent  increases  (n-fold)  in  RNA  levels  after  IFN  treatment. 
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FIG.  4.  PLSCR1  enhances  the  expression  of  a  subset  of  ISGs  as 
determined  by  Western  immunoblots.  Hey  IB  cells  containing  empty  vec¬ 
tor  (vector)  or  expressing  siRNA  mismatch  or  siRNA  to  PLSCRI  were 
incubated  with  (+)  or  without  (-)  IFN-(3  (1,000  U/ml)  for  16  h.  Levels 
of  proteins  (indicated)  were  determined  by  probing  Western  blots  of 
cell  extracts  with  specific  antibodies  (see  Materials  and  Methods). 


although  no  effect  was  seen  at  40  h,  suggesting  a  small  delay  in 
viral  replication  due  to  PLSCR1.  In  contrast  to  these  small 
effects  in  the  absence  of  IFN,  in  cells  pretreated  with  IFN,  the 
suppression  of  PLSCR1  expression  by  specific  siRNA  elimi¬ 
nated  most  of  the  observed  antiviral  activity  associated  with 
addition  of  IFN  (cf.  black  bars  to  controls  in  Fig.  2). 

Reduced  expression  of  ISGs  in  PLSCR1 -deficient  cells.  Our 
findings  suggest  a  general  antiviral  effect  of  PLSCR1  that  ap¬ 
pears  related  to  marked  enhancement  of  the  cellular  response 
to  IFN.  We  therefore  next  compared  mRNA  profiles  in  un¬ 
treated  and  IFN-p-treated  cells  by  using  a  custom  viral  re¬ 
sponse  cDNA  microarray  constructed  with  855  candidate  and 
confirmed  ISGs,  950  AU-rich  element  genes,  288  dsRNA-stim- 
ulated  genes,  and  85  housekeeping  genes,  with  the  latter  serv¬ 
ing  as  mRNA  controls  (Fig.  3).  Triplicate  cultures  of  HeylB 
vector  control,  mismatch  siRNA,  or  PLSCR1  siRNA  clones 
were  treated  with  IFN-P  at  8  h,  and  the  RNA  isolated  from 
identically  treated  cultures  was  combined  for  microarray  anal¬ 
ysis.  The  experiment  was  independently  performed  twice  (i.e., 
experiments  A  and  B  were  both  from  RNA  pools  of  triplicate, 
identically  treated  cultures).  In  addition,  several  of  the  ISGs 
were  present  at  multiple  positions  on  the  array  (indicated  by 
multiple  rows  for  the  same  gene  in  Fig.  3).  Twenty-four  genes 
were  more-highly  induced  by  IFN-p  in  the  control  cells  ex¬ 
pressing  mismatched  siRNA  than  in  the  cells  expressing  spe¬ 
cific  siRNA  to  PLSCR1.  Twenty-one  of  these  genes  are  previ¬ 
ously  identified  ISGs.  Three  genes  are  newly  identified  ISGs 
from  these  experiments  and  are  also  AU-rich  genes  (hypothet¬ 
ical  protein  expressed  in  osteoblasts,  TEB4,  and  transcription 
factor  AP-2  gamma).  ISG54,  present  at  three  locations  on  the 
array,  was  one  of  the  most  highly  elevated  ISGs  associated  with 
PLSCR1  expression.  The  average  IFN  induction  of  ISG54  was 
about  fivefold  greater  in  the  control  siRNA  cells  than  in  the 
PLSCR1  siRNA  cells.  The  remaining  23  ISGs  were  induced 


1.7-  to  >5-fold  greater  by  IFN  in  the  control  siRNA  cells  than 
in  the  PLSCRI  siRNA-expressing  cells.  Our  results  suggest  a 
contribution  of  PLSCRI,  a  known  ISG  (12,  49),  to  the  IFN- 
stimulated  expression  of  a  limited  subset  of  ISGs.  However, 
because  siRNA  ablation  of  PLSCRI  was  incomplete,  the  val¬ 
ues  obtained  may  underestimate  the  contribution  of  PLSCRI 
to  ISG  expression.  A  decreased  IFN  induction  of  PI  .SCR  1 
itself  was  observed  in  the  siRNA  to  PLSCRI  cells.  PLSCRI 
siRNA  did  not  significantly  affect  expression  of  any  of  the  85 
housekeeping  genes  serving  as  controls  (data  not  shown). 

To  confirm  the  gene  array  results,  immunoblot  measure¬ 
ment  of  several  different  IFN-induced  proteins  was  performed 
(Fig.  4).  Deficient  IFN  induction  of  PLSCRI,  p56,  and  ISG15 
was  observed;  there  was  a  small  effect  on  Statl  levels  while 
PKR  and  RNase  L  amounts  were  essentially  unaffected.  The 
siRNAs  by  themselves  did  not  induce  ISG  expression,  as  de¬ 
termined  by  both  gene  microarrays  and  Western  blot  assays 
(Fig.  4  and  data  not  shown). 

The  IFN  response  is  reduced  in  PLSCRI MEFs.  To  per¬ 
form  studies  in  the  complete  absence  of  PLSCRI,  PLSCRI 
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FIG.  5.  VSV  replicates  to  higher  titers  in  MEFs  lacking  PLSCRI 
(A)  Wild-type  (black  bars)  and  PLSCRI"  KOI  (white  bars)  MEFs 
were  infected  with  VSV  at  an  MOI  of  0.1.  (B)  PLSCRI K02  (white 
bars)  MEFs  and  reconstituted,  PLSCRI -expressing  knock-in  KI  cells 
(black  bars)  were  infected  with  VSV  at  an  MOI  of  0.1.  At  different 
times  postinfection  (x  axes),  virus  was  harvested.  Viral  yields,  deter¬ 
mined  by  plaque  assays  on  indicator  L929  cells,  were  from  combined 
triplicate  cultures  of  infected  cells. 
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FIG.  6.  Adsorption  and  penetration  of  35S-labeled  VSV  is  unaf¬ 
fected  by  PLSCR1.  K02  (PLSCRI '/_)  and  K.I  (PLSCRI  reconsti¬ 
tuted)  cells  were  infected  with  purified  3SS-VSV  (MOI  of  4)  (see 
Materials  and  Methods).  Cell-associated  proteins  were  separated  by 
SDS-polyacrylamide  gel  electrophoresis,  and  an  autoradiogram  of  the 
dried  gel  was  prepared.  The  positions  of  the  VSV  G,  N,  and  M  proteins 
are  indicated  (arrows). 

MEFs  immortalized  with  simian  virus  40  large  T  antigen  (KOI 
cells)  were  utilized.  VSV  yields  were  increased  up  to  about 
100-fold  in  the  KOI  cells  compared  to  the  wild-type  cells  (Fig. 
5A).  To  rule  out  nonspecific  effects  owing  to  clonal  variations, 
the  KOI  cells  were  transfected  with  MSCV  vector  expressing 
PLSCRI  cDNA  (KI  cells  for  gene  knock-in)  or  with  an  empty 
MSCV  vector  (K02  cells).  VSV  yields  were  3  to  >4  log,0  units 
higher  in  the  K02  cells  than  in  KI  cells  (Fig.  5B).  These  results 
from  KO  cells  deficient  in  PLSCRI  are  consistent  with  results 
obtained  with  wild-type  cells  in  which  endogenous  PLSCRI 
expression  was  suppressed  by  siRNA,  although  the  PLSCR1- 
related  antiviral  effect  was  even  more  apparent  in  the  former, 
where  PLSCRI  is  completely  absent. 

Determining  the  stage(s)  in  the  VSV  replication  cycle  af¬ 
fected  by  PLSCRI.  To  examine  how  PLSCRI  affects  VSV 
replication,  several  distinct  stages  in  the  viral  life  cycle  were 
analyzed  and  compared  in  the  K02  and  KI  cells.  Viral  absorp¬ 
tion  and  penetration  were  determined  by  infecting  cells  with 


purified  ~'5S-labeled  VSV  for  2.5  h  and  monitoring  cell-associ¬ 
ated  proteins  that  originated  from  the  input  virus.  After  wash¬ 
ing  and  lysing  the  infected  cells,  proteins  were  subjected  to 
electrophoresis,  transfer,  and  autoradiography  (Fig.  6).  Equiv¬ 
alent  amounts  of  the  35S-labeled  VSV  proteins,  G  (glycopro¬ 
tein),  N  (nucleoprotein),  and  M  (matrix  protein),  were  ob¬ 
served  associated  with  the  K02  and  KI  cells.  These  results 
suggest  that  PLSCRI  did  not  affect  stages  prior  to  viral  pene¬ 
tration. 

Primary  viral  transcript  accumulation  was  monitored  by 
measuring  VSV  N  mRNA  produced  from  the  input  genome  in 
the  presence  of  cycloheximide.  This  method  relies  on  the  fact 
that  amplification  of  VSV  RNA,  but  not  primary  transcription, 
requires  ongoing  protein  synthesis.  Previously,  IFN  was  re¬ 
ported  to  suppress  VSV  replication  at  the  level  of  viral  primary 
transcription  (5).  In  the  present  studies,  IFN-a  pretreatments 
effectively  reduced  primary  viral  transcript  accumulation  in 
both  cell  lines  (Fig.  7).  Furthermore,  expression  of  PLSCRI 
reduced  N  mRNA  accumulation  in  either  the  absence  or 
presence  of  prior  IFN  treatment.  Therefore,  both  IFN  and 
PLSCRI  suppressed  VSV  replication  at  the  level  of  primary 
transcript  accumulation.  Accordingly,  in  cells  infected  in  the 
absence  of  cycloheximide,  VSV  L,  G,  N,  and  M  proteins  were 
significantly  more  abundant  in  the  media  (from  released  virus) 
and  from  intact  K02  cells  than  were  released  virus  and  cell- 
associated  virus  of  the  KI  cells  (Fig.  8).  An  additional  effect  on 
viral  protein  synthesis  is  not  ruled  out  by  these  findings  (34). 

To  determine  whether  late  stages  in  the  virus  replication 
cycles  were  affected  by  PLSCRI,  release  of  progeny  wild-type 
VSV  and  of  a  late-budding  domain  (PPPY  to  AAPA)  M  pro¬ 
tein  mutant  virus  into  the  media  was  compared  in  the  K02  and 
KI  cells.  The  M  protein  mutation  was  previously  observed  to 
reduce  viral  release  by  about  1  to  2  logI0  units  (23).  Similarly, 
the  AAPA  mutant  form  of  M  protein  reduced  viral  yields  by 
45-fold  in  the  K02  cells  and  by  62-fold  in  the  KI  cells  (Fig.  9). 
These  results  suggest  that  the  anti- VSV  effect  of  PLSCRI  does 
not  depend  on  or  require  the  late-budding  PY  domain  in  M 
protein  but  does  not  exclude  the  possibility  that  PLSCRI  may 
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FIG.  7.  PLSCRI  and  IFN-a  inhibit  accumulation  of  primary  VSV  N  transcripts.  Cells  were  incubated  with  or  without  IFN-a  A/D  (1,000  U  per 
ml)  for  16  h  followed  by  treatment  with  cycloheximide  (3  pg/ml)  for  2.5  h.  Infections  were  with  purified  VSV  (MOI  of  0.5)  for  0,  3,  5,  and  8  h  in 
the  continuous  presence  of  cycloheximide  to  prevent  replication.  The  Northern  blot  was  probed  with  33P-cDNA  to  the  N  gene  of  VSV  and  was 
normalized  with  a  radiolabeled  cDNA  to  |3-actin. 
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FIG.  8.  VSV  protein  accumulation  is  reduced  in  cells  expressing  PLSCR1.  K02  and  Kl  cells  were  infected  with  purified  VSV  at  an  MOI  of  0.1 
for  5,  8,  and  1 1  h  (as  indicated).  Levels  of  VSV  proteins  from  released  virus  (Media)  and  associated  with  intact  cells  (Cells)  were  determined  on 
Western  blots  probed  with  antibodies  to  the  VSV  L,  G,  N,  and  M  proteins. 


influence  viral  budding,  for  example,  through  effects  on  plasma 
membrane  lipid  organization  or  topology. 

PLSCR1  expression  was  equivalent  in  the  wild-type  and  Kl 
cells  and  was  absent  in  the  KOI  and  K02  cells  (Fig.  10  and 
data  not  shown).  In  the  wild-type  cells,  PLSCR1  levels  were 
constitutively  elevated  and  were  not  further  increased  by  IFN- 
a  treatment,  perhaps  due  to  induction  by  growth  factors  in  the 
serum  (51)  (Fig.  10,  lanes  4  to  6).  Cell-type-specific  differences 
in  basal  levels  of  PLSCR1  may  reflect  inherent  lineage  or 
maturational  differences  in  PLSCR1  expression  as  well  as  dif¬ 
fering  sensitivities  of  the  cells  to  induction  by  growth  factors  or 
interferon.  GBP-2  was  induced  by  10-fold-lower  concentra¬ 
tions  of  IFN-a  in  the  wild-type  and  Kl  cells  than  in  the  KOI 
cells  (Fig.  10)  (42).  However,  IFN-induced  levels  of  PKR  and 
STAT1  were  similar  in  the  different  cell  lines.  Basal  levels  of 
PKR,  however,  were  modestly  elevated  in  untreated  confluent 
(24  h)  cultures  of  PLSCRl-expressing  cells  compared  with 
KOI  cells  (Fig.  10,  bottom,  lanes  1,  4,  and  7).  These  findings 
are  consistent  with  the  notion  that  PLSCR1  affects  the  expres¬ 
sion  of  only  a  limited  subset  of  ISGs. 

DISCUSSION 

Our  results  suggest  that  the  expression  of  PLSCR1,  an  ISG, 
is  required  for  maximal  antiviral  activity  of  IFN,  and  that  this 
effect  is  mediated  at  least  in  part  through  potentiation  of  the 
expression  of  a  select  subset  of  ISGs  with  known  or  suspected 
antiviral  activities.  However,  PLSCR1  is  nonessential  for  IFN 
signaling  because  IFN  strongly  induces  PKR  and  STAT1  in 
PLSCR1  cells  (Fig.  10).  Whereas  the  precise  mechanism  by 
which  PLSCR1  exerts  these  selective  effects  on  certain  ISGs 
remains  unresolved,  it  is  of  note  that  (i)  PLSCR1  is  a  palmi- 
toylated,  plasma  membrane  protein  known  to  partition  into 
lipid  rafts  and  implicated  in  regulating  the  organization  of 
plasma  membrane  phospholipids  (38,  40),  (ii)  deletion  of 
PLSCR1  has  been  shown  to  alter  afferent  signaling  and  cellular 
response  to  a  select  group  of  cell  surface  growth  factor  recep¬ 


tors  with  specific  effects  on  the  activation  of  c-Src  and  poten¬ 
tially  other  protein  kinases  (30,  32,  41),  (iii)  in  addition  to 
transcriptional  induction  by  IFN,  PLSCR1  expression  is  up- 
regulated  through  each  of  the  growth  factor  receptor  pathways 
that  PLSCR1  gene  deletion  has  been  shown  to  attenuate  af¬ 
ferent  receptor  signaling  (30,  51),  (iv)  under  conditions  of 
transcriptional  induction,  PLSCR1  has  been  shown  to  traffic  to 
both  the  plasma  membrane  and  the  nucleus,  events  that  appear 
to  be  regulated  through  its  palmitoylation  (44),  and  (v)  once  in 
the  nucleus,  PLSCR1,  an  acidic  polypeptide,  is  found  tightly 
bound  to  DNA  (6).  Taken  together,  this  suggests  that  the 
observed  antiviral  activity  of  PLSCR1  and  its  capacity  to  po¬ 
tentiate  transcription  of  a  select  subset  of  ISGs  reflects  activ¬ 
ities  of  this  protein  at  the  plasma  membrane  that  potentially 
influence  afferent  signaling  through  the  JAK/STAT  kinase 
pathway  (or  accessory  signaling  pathways  recruited  down¬ 
stream  of  the  activated  receptor),  resulting  in  alteration  of  the 
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107 


Wild  Type  VSV  VSV-AAPA 


FIG.  9.  Replication  of  VSV  with  a  late-budding  domain  mutation 
(AAPA)  in  the  M  protein  and  wild-type  VSV  were  similarly  inhibited 
by  PLSCRI.  K02  (white  bars)  and  Kl  (black  bars)  cells  were  infected 
with  wild-type  VSV  and  VSV-AAPA  mutant  virus  (MOI  of  0.1)  for 
16  h.  The  viral  yields  in  the  media  combined  from  three  separate 
infections  of  cells  were  determined  by  plaque  assays  on  indicator  cells. 
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FIG.  10.  IFN-induced  and  basal  levels  of  PLSCR1,  GBP-2,  PKR,  and  Stall  in  IFN-treated  and  control  MEFs  that  contain  or  lack  PLSCR1. 
Cells  were  incubated  for  8  or  24  h  in  the  presence  or  absence  of  different  concentrations  of  IFN-a  A/D  (as  indicated).  Cells  harvested  at  8  and 
24  h  were  subconfluent  and  confluent,  respectively.  Western  blots  probed  with  antibodies  to  PLSCR1,  GBP-2,  PKR,  and  Statl  are  shown. 


repertoire  of  activated  transcription  factors,  and/or  effects  of 
nuclear  PLSCR1  on  the  transcription  of  select  ISGs. 

Regarding  the  specific  ISGs  positively  regulated  by  PLSCR1, 
the  virus  stress-inducible  proteins  p54  and  p56  (encoded  by 
ISG54  and  ISG56,  respectively)  are  related  members  of  a  pro¬ 
tein  family  containing  tetratricopeptide  motifs  (19).  Protein 
p56  interacts  with  the  protein  synthesis  initiation  factor  £  sub¬ 
unit  of  eukaryotic  initiation  factor  3  (eIF-3e)  and  inhibits  trans¬ 
lation  by  interfering  with  the  binding  of  eIF-2-GTP-Met- 
tRNAj  (ternary  complex)  with  eIF-3.  Therefore,  p56  has  the 
ability  to  suppress  translation  of  virus  and  host  proteins.  The 
functions  of  the  other  family  members,  p54,  p58,  and  p60,  are 
unknown.  ISG15  contains  two  ubiquitin  homology  domains 
and  is  ligated  to  diverse  proteins,  including  Jakl  and  Statl,  and 
has  been  suggested  to  play  a  positive  role  in  IFN  signaling  (26, 
28).  The  NS1  protein  of  influenza  B  virus  inhibits  linkage  of 
ISG15  to  its  target  proteins,  supporting  an  antiviral  role  for 
ISG15  (47).  OAS2  is  one  of  the  upstream  enzymes  in  the 
2',5'-oligoadenylates  (2-5A)/RNase  L  antiviral  pathway  that 
synthesizes  2-5A  in  response  to  viral  dsRNA.  2-5A  activates 
RNase  L,  causing  breakdown  of  viral  and  host  RNA  (36). 


RNase  l~'~  mice  are  partially  deficient  in  the  anti-EMCV 
effect  of  IFN-a  (48).  GBP-2  and  GBP-3  are  members  of  an 
IFN-induced  gene  family  of  at  least  five  different  GBPs  (31, 
42).  GBP-1  was  shown  to  inhibit  replication  of  VSV  and 
EMCV,  but  the  mechanism  is  unknown  (1).  Expression  of 
PLSCR1  was  also  associated  with  enhanced  basal  expression  of 
PKR  in  confluent,  but  not  in  subconfluent,  mouse  cells  (Fig. 
10).  Therefore,  PKR  may  also  contribute  to  the  observed  an¬ 
tiviral  effects  of  PLSCR1.  PKR  is  activated  by  viral  dsRNA  to 
phosphorylate  translation  initiator  factor  eIF-2a,  resulting  in  a 
cessation  of  protein  synthesis.  In  addition,  PKR  is  implicated 
in  inhibiting  VSV  replication  in  mice  (2).  However,  PLSCR1 
did  not  affect  IFN-induced  levels  of  PKR.  Expression  of 
PLSCR1  was  also  associated  with  modestly  enhanced  expres¬ 
sion  of  IRF7,  which  could  potentially  lead  to  IFN  synthesis, 
thus  further  amplifying  the  antiviral  response  (Fig.  3)  (27).  The 
apparent  enhancing  effect  of  PLSCR1  on  any  particular  gene 
was  in  the  range  of  a  1.5-  to  >5-fold,  with  the  combined  effect 
on  presumably  several  ISGs  resulting  in  a  significant  negative 
impact  on  virus  replication. 
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Effect  of  PLSCR1  on  VSV  replication.  Although  PLSCR1 
appeared  to  enhance  the  expression  of  a  number  of  genes,  a 
direct  effect  of  this  protein  on  virus  replication  is  also  possible. 
Therefore,  to  determine  how  PLSCR1  was  affecting  VSV  rep¬ 
lication,  we  analyzed  different  stages  in  the  virus  cycle.  The 
location  of  PLSCR1  in  the  cell  membrane  suggested  a  possible 
effect  on  virus  adsorption  and/or  uptake.  However,  these  steps 
in  the  virus  replication  cycles  were  unaffected  by  PLSCR1.  In 
contrast,  there  was  a  substantial  increase  in  primary  (N)  tran¬ 
script  accumulation  in  PLSCR1  (K02)  cells.  Reduction  in 
VSV  primary  transcript  accumulation  by  IFN  in  either  the 
absence  or  presence  of  PLSCR1  was  substantial.  The  effect  of 
PLSCR1  on  VSV  replication  is  superimposed  on  a  larger  IFN 
antiviral  effect.  As  a  result,  we  were  unable  to  accurately  de¬ 
termine  whether  the  reduction  by  IFN  in  the  two  cell  types  was 
comparable.  Our  findings  are  consistent  with  a  previous  report 
demonstrating  that  IFN  treatment  affects  VSV  replication  at 
the  level  of  primary  transcription  (5).  However,  different  stud¬ 
ies  localized  the  effect  of  IFN  against  VSV  to  other  stages  in 
the  replication  cycle,  including  protein  synthesis  (34)  and  virus 
assembly  (22).  Recently,  it  was  demonstrated  that  IFN  inhibits 
VSV  entry  into  human  epithelial  cells  by  producing  soluble 
secreted  antiviral  factors  (S.  Bose  and  A.  K.  Banerjee,  unpub¬ 
lished  data).  Therefore,  there  are  clearly  cell-type-specific  dif¬ 
ferences  in  the  anti-VSV  mechanism  of  IFNs.  The  present 
study  does  not  rule  out  an  effect  on  viral  protein  synthesis 
because  it  is  difficult  to  measure  an  effect  on  protein  synthesis 
when  there  is  potent  inhibition  of  viral  primary  transcription. 
IFN  was  able  to  reduce  VSV  primary  transcript  accumulation 
even  in  the  PLSCR1-'”  (K02)  cells,  perhaps  because  the 
ISG(s)  responsible  for  this  effect  was  still  induced,  albeit  to  a 
lower  extent  than  in  the  PLSCRl-positive  KI  cells  (Fig.  7). 
Although  expression  of  PLSCR1  was  associated  with  modestly 
enhanced  IFN-induction  of  OAS2  (encoding  a  2-5A  syn¬ 
thetase),  there  were  no  RNase  L-mediated  rRNA  cleavage 
products  in  IFN-treated,  VSV-infected  KI  cells  (data  not 
shown).  Therefore,  RNase  L  action  against  viral  RNA  is  un¬ 
likely  to  be  responsible  for  the  decreased  accumulation  of  VSV 
primary  transcripts  observed  in  the  PLSGR1-'-  cells  (data  not 
shown).  The  effect  of  PLSCR1  on  a  budding  mutant  of  VSV 
was  also  investigated.  The  N-terminal,  cytoplasmic  domain  of 
mPLSCRl  and  hPLSCRl  contains  PPXY  motifs  typical  of 
WW-binding  domains  that  could  potentially  interfere  with  vi¬ 
rus  budding.  These  motifs  are  similar  to  the  PY  motif  or 
late-budding  domain  of  the  VSV  M  protein  (PPPY)  and  of 
other  members  of  the  Rhabdoviridae ,  Retroviridae,  and  Filov- 
iridae  (18).  VSV  yields  were  compared  from  K02  and  KI  cells 
infected  with  wild-type  and  mutant  VSV  in  which  the  PPPY 
budding  domain  of  the  M  protein  was  altered  to  AAPA  to 
impair  viral  release  (17, 23).  However,  yields  of  both  wild-type 
and  mutant  VSV  were  similarly  decreased  in  the  KI  cells  com¬ 
pared  with  the  K02  cells  (Fig.  9).  These  data  suggest  that, 
irrespective  of  any  potential  antiviral  effect  of  PLSCR1  at  the 
stage  of  virus  assembly  and  budding  from  the  plasma  mem¬ 
brane.  PLSCR1  must  also  exert  an  inhibitory  or  antiviral  action 
prior  to  this  terminal  event  in  viral  replication. 

It  was  apparent  from  these  studies  that  the  observed  antivi¬ 
ral  effect  of  PLSCR1  extended  beyond  VSV.  Replication  of 
both  VSV  and  EMCV  were  suppressed  by  expression  of 
PLSCR1  in  the  human  HeylB  cell  line.  In  PLSCRl-/~  MEFs, 


an  antiviral  effect  of  ectopically  expressed  PLSCR1  was  ob¬ 
served  against  both  VSV  and  the  murine  retrovirus  Moloney 
murine  leukemia  virus  (Fig.  5  and  data  not  shown).  While  our 
results  suggest  that  the  broad  antiviral  effect  mediated  by 
PLSCR1  is  related  to  enhanced  expression  of  certain  antiviral 
genes,  the  specific  ISGs  responsible  for  the  inhibition  of  VSV, 
EMCV,  and  Moloney  murine  leukemia  virus  replication  ob¬ 
served  in  this  study  are  unknown.  However,  our  findings  indi¬ 
cate  that  PLSCR1  is  an  amplifying  factor  in  the  expression  of 
certain  critical  antiviral  genes  that  collectively  have  a  large 
impact  on  virus  growth.  Furthermore,  our  gene  array  results 
provide  a  relatively  short  list  of  interesting  candidate  genes, 
some  of  which  are  responsible  for  potent  inhibition  of  viral 
replication  (Fig.  3).  Exploring  the  specific  functions  of  these 
genes  targeted  by  PLSCR1  will  be  a  new  direction  for  investi¬ 
gating  how  IFNs  protect  cells  against  viral  infections. 
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Abstract 

Background:  Infection  of  intestinal  epithelial  cells  by  pathogenic  Salmonella  leads  to  activation  of  signaling 
cascades  that  ultimately  initiate  the  proinflammatory  gene  program.  The  transcription  factor  NF-kB  is  a 
key  regulator/activator  of  this  gene  program  and  is  potently  activated.  We  explored  the  mechanism  by 
which  Salmonella  activates  NF-kB  during  infection  of  cultured  intestinal  epithelial  cells  and  found  that 
flagellin  produced  by  the  bacteria  and  contained  on  them  leads  to  NF-kB  activation  in  all  the  cells;  invasion 
of  cells  by  the  bacteria  is  not  required  to  activate  NF-kB. 

Results:  Purified  flagellin  activated  the  mitogen  activated  protein  kinase  (MAPK),  stress-activated  protein 
kinase  (SAPK)  and  Ikappa  B  kinase  (IKK)  signaling  pathways  that  lead  to  expression  of  the  proinflammatory 
gene  program  in  a  temporal  fashion  nearly  identical  to  that  of  infection  of  intestinal  epithelial  cells  by 
Salmonella.  Flagellin  expression  was  required  for  Salmonella  invasion  of  host  cells  and  it  activated  NF-kB 
via  toll-like  receptor  5  (TLR5).  Surprisingly,  a  number  of  cell  lines  found  to  be  unresponsive  to  flagellin 
express  TLR5  and  expression  of  exogenous  TLR5  in  these  cells  induces  NF-kB  activity  in  response  to 
flagellin  challenge  although  not  robustly.  Conversely,  overexpression  of  dominant-negative  TLR5  alleles 
only  partially  blocks  NF-kB  activation  by  flagellin.  These  observations  are  consistent  with  the  possibility  of 
either  a  very  stable  TLR5  signaling  complex,  the  existence  of  a  low  abundance  flagellin  co-receptor  or 
required  adapter,  or  both. 

Conclusion:  These  collective  results  provide  the  evidence  that  flagellin  acts  as  the  main  determinant  of 
Salmonella  mediated  NF-kB  and  proinflammatory  signaling  and  gene  activation  by  this  flagellated  pathogen. 
In  addition,  expression  of  the  fli  C  gene  appears  to  play  an  important  role  in  the  proper  functioning  of  the 
TTSS  since  mutants  that  fail  to  express  fli  C  are  defective  in  expressing  a  subset  of  Sip  proteins  and  fail  to 
invade  host  cells.  Flagellin  added  in  trans  cannot  restore  the  ability  of  the  fli  C  mutant  bacteria  to  invade 
intestinal  epithelial  cells.  Lastly,  TLR5  expression  in  weak  and  non-responding  cells  indicates  that  additional 
factors  may  be  required  for  efficient  signal  propagation  in  response  to  flagellin  recognition. 
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Background 

Intestinal  epithelial  cells  serve  as  a  barrier  between  the 
luminal  microflora  and  the  body  and  as  such  are  perfectly 
positioned  to  monitor  the  approach/invasion  of  patho¬ 
gens.  These  intestinal  epithelial  cells  (IECs)  serve  as  innate 
immune  sentinels  and  monitor  their  environment  and 
constantly  give  out  innate  host  defense  instruction  to 
local  immune  effector  cells  [1,2].  Pathogens  such  as  Sal¬ 
monella  and  other  enteroinvasive  pathogenic  bacteria  such 
as  enteroinvasive  E.  Coli,  Shigella  and  Yersinia  upon  infec¬ 
tion  of  IECs  leads  to  the  up-regulation  of  the  expression  of 
host  genes,  the  products  of  which  activate  mucosal 
inflammatory  and  immune  responses  and  alter  epithelial 
cell  functions  [3-6].  Previously  we  and  others  demon¬ 
strated  that  IKK  via  NF-kB  and  the  SAPK  signaling  path¬ 
ways  via  Jun  N-terminal  kinase  (JNK)  and  p38  kinase  were 
key  regulators  of  the  up-regulation  of  the  proinflamma- 
tory  gene  program  [3,7-9],  with  NF-kB  appearing  to  be  the 
most  critical  [3].  Typically  Salmonella  infects  thirty-forty 
percent  of  IECs  in  culture  models  of  infection  [10],  how¬ 
ever,  we  and  others  have  found  that  Salmonella  infection 
activates  NF-kB  DNA  binding  activity  to  levels  equivalent 
to  that  of  TNFa  which  activates  NF-kB  in  all  of  the  cells 
[3].  Previous  studies  examining  NF-kB  activation  by  Sal¬ 
monella  in  HT29  colonic  intestinal  epithelial  cells,  which 
serve  as  model  colonic  epithelial  cells  in  culture,  indicated 
that  delivery  of  Salmonella  proteins  into  the  host  cell  via  its 
type  III  secretion  system  (TTSS),  such  as  SopE  and  SopE2, 
the  bacterially  encoded  exchange  factors  for  the  Rho-fam- 
ily  members  Racl  and  CdC42,  result  in  exchange  factor 
activation,  cytoskeletal  rearrangements  and  activation  of 
the  MAPK,  SAPK  and  NF-kB  signaling  pathways  [7,8,1 1- 
15].  Recent  observations  that  utilized  Salmonella  strains 
that  were  defective  in  invasion  and  delivery  of  invasion 
proteins  by  the  TTSS  but  not  attachment  indicated  that 
additional  factors  other  than  those  delivered  by  the  TTSS 
could  lead  to  NF-kB  activation  1 16].  Presently  it  is  not 
clear  what  protein(s)  dictate  the  activation  of  key  signal¬ 
ing  pathways  that  lead  to  the  temporal  expression  of  the 
proinflammatory  gene  program,  although  the  SopE  pro¬ 
teins  have  been  given  extreme  attention  recently  [7,8,15], 

In  searching  for  additional  Salmonella  proteins  that  could 
activate  the  proinflammatory  gene  expression  program, 
bacterial  flagellin  was  recently  found  to  be  such  a  protein 
]  1 6-1 9]  and  had  been  shown  previously  to  activate  IL-8 
expression  in  monocytes  [19-21],  Flagellin  was  found  to 
activate  NF-kB  in  polarized  epithelial  cells  only  when  flag¬ 
ellin  was  present  on  their  basolateral  surface  [22]  consist¬ 
ent  with  the  idea  that  a  cell  surface  receptor  was  present 
there  and  could  recognize  it.  The  toll-like  receptors  (TLRs) 
have  been  found  to  recognize  pathogen  associated  molec¬ 
ular  patterns  (PAMPs)  reviewed  in  (23-26].  TLR2  interacts 
with  TLR1  and  TLR6  to  recognize  bacterial  lipopeptides 
and  zymosan  respectively  [27,28].  TLR4  recognizes  LPS 


only  when  associated  with  its  co-receptor  MD2  and  CD  14 
[29-32].  Recendy,  flagellin  was  demonstrated  to  be  recog 
nized  by  TLR5  and  activate  an  innate  host  response 
[22,33].  However,  litde  was  known  or  demonstrated 
about  the  endogenous  levels  of  TLR5  in  cells  used  in  those 
studies  and  why  those  cells  failed  to  respond  to  flagellin. 
Here  we  have  identified  flagellin  as  the  primary  initiator 
and  temporal  regulator  of  not  only  the  major  signaling 
pathways  activated  during  Salmonella  infection  but  also  of 
key  target  genes  of  the  proinflammatory  gene  program 
too.  We  have  also  found  flagellin  expression  to  be 
required  for  Salmonella  bacterial  invasion.  Independently 
we  found  TLR5  recognizes  flagellin  but  its  signaling  activ¬ 
ity  toward  this  PAMP  is  consistent  with  either  the  aid  of 
another  flagellin-recognizing  co-receptor  (as  TLR4  utilizes 
for  LPS)  or  the  use  of  another  adapter  protein,  perhaps 
similar  to  MyD88,  that  is  absent  or  present  at  low  levels  in 
flagellin  non-or  low-responding  cells. 

Results 

Salmonella  infection  leads  to  a  minority  of  cells  invaded 
but  activates  NF-kB  in  nearly  all  cells 

Previously,  we  have  noted  that  pathogenic  Salmonella  sp. 
infection  leads  to  potent  IKK  and  NF-kB  activation  and 
activation  of  the  proinflammatory  gene  program  [3],  Pre¬ 
vious  studies  suggest  that  about  thirty-forty  percent  of  the 
intestinal  epithelial  cells  are  infected  during  a  typical  Sal¬ 
monella  infection  in  cultured  intestinal  epithelial  cells 
[10].  We  wished  to  address  the  question  of  how  bacterial 
infection  of  about  thirty  percent  of  the  host  cells  could 
give  rise  to  NF-kB  DNA  binding  activity  equivalent  to  acti¬ 
vation  of  NF-kB  in  nearly  all  of  the  host  cells  as  TNFa 
treatment  of  the  cells  does.  To  examine  this  phenomenon 
in  detail  HT29  cells  either  mock-infected  or  infected  at  a 
MOI  of  fifty  for  one-hour  with  wild-type  S.  typhimurium 
that  had  been  transformed  with  the  plasmid  pFMlO.l, 
that  encodes  green  fluorescent  protein  (GFP)  under  the 
control  of  the  Salmonella  ssaH  promoter  and  only  func¬ 
tions  once  the  bacteria  has  invaded  the  host  cell  [34].  As 
can  be  seen  in  Fig.  1A,  GFP  expression  occurs  in  about 
thirty  to  forty  percent  of  the  cells.  We  next  examined  the 
localization  of  the  NF-kB  subunit  p65  (RelA)  in  non- 
treated  (mock-infected),  Salmonella  infected  or  TNFa  (10 
ng/ml)  stimulated  cells  and  found  that  p65  (RelA)  was 
localized  to  the  cytoplasm  in  non-treated  cells  whereas,  in 
Salmonella  infected  cells  or  in  TNFa  treated  cells  p65 
(RelA)  had  localized  to  the  nucleus  (Fig.  1 B).  These  results 
demonstrate  that  Salmonella  infection  activates  NF-kB  in 
virtually  all  of  the  cells  even  though  only  a  minority  of 
them  become  infected  and  is  consistent  with  and  aids  in 
explanation  of  our  previous  results  examining  Salmonella 
infection  and  NF-kB  activation  [3]. 
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Figure  I 

Salmonella  infection  leads  to  NF-kB  nuclear  localization  even  in  non-infected  cells.  HT29  cells  were  grown  on  glass  coverslips 
and  either  mock-infected,  left  untreated,  infected  with  Salmonella  typhimurium,  or  treated  with  TNFa  (10  ng/ml).  Cells  fixed 
after  30  min  (TNF)  and  I  h  (Salmonella)  as  described  in  Experimental  Procedures  and  Salmonella  that  had  invaded  HT29  cells 
were  detected  by  direct  fluorescence  microscopy  of  GFP  expression,  P65(RelA)  localization  was  monitored  by  indirect  immun- 
oflourescence  of  rabbit  anti-p65  antibody  detected  with  FITC-conjugated  donkey  anti-rabbit  antibody.  DAPI  was  used  to  stain 
nuclei.  A,  HT29  cells  were  mock-infected  or  infected  at  an  MOl  of  50  with  Salmonella  typhimurium  strain  SJWI  I03G  which 
expresses  GFP  from  the  ssaH  promoter  that  is  only  active  inside  infected  host  cells  [10,34],  Cells  were  photographed  using 
bright  field  microscopy  (BF),  and  immunoflourescence  to  detect  GFP  or  DAPI  staining  as  indicated.  Images  were  merged  (over- 
lay)  to  reveal  cells  that  were  infected.  B,  HT29  cells  were  left  untreated,  infected  with  Salmonella  typhimurium  strain  I  103  or 
treated  with  TNFa.  NF-kB  p65(RelA)  localization  under  various  conditions  as  indicated  was  monitored  by  indirect  immunoflu¬ 
orescence.  Cells  were  visualized  by  bright  field  microscopy  (BF),  cell  nuclei  were  stained  with  DAPI  and  p65(RelA)  was  visual¬ 
ized  with  FITC.  DAPI  staining  was  falsely  colored  red  to  make  visualization  of  the  merge  (overlay)  easier  to  distinguish. 
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Soluble  bacterial  product  identified  as  flagellin  can 
activate  NF-kB  in  intestinal  epithelial  cells 

Since  Salmonella  sp.  infection  of  intestinal  epithelial  cells 
in  culture  led  to  only  roughly  thirty  percent  infection  but 
activation  of  NF-kB  in  nearly  all  of  the  cells,  we  antici¬ 
pated  that  NF-kB  activation  was  in  response  to  host  cell 
recognition  of  bacteria  structural  components  or  products 
produced  by  the  bacteria  and  not  by  the  invasion  process. 
Invasion  itself  has  been  demonstrated  not  to  be  required 
for  activation  of  the  proinflamatory  gene  program  as  had 
previously  been  thought  [16].  To  investigate  this  possibil¬ 
ity  sterile-filtered  S.  dublin  culture  broth  left  either 
untreated  or  boiled  for  twenty  minutes  was  used  to  chal¬ 
lenge  HT29  intestinal  epithelial  cells  and  NF-kB  DNA 
binding  activity  was  monitored  by  electromobility  shift 
assays  (EMSAs)  of  whole  cell  extracts  (WCE)  prepared 
forty-five  minutes  after  exposure  [3,35],  Potent  activation 
of  NF-kB  in  response  to  the  broth  under  both  conditions 
was  observed  indicating  the  activating  factor  was  heat-sta¬ 
ble  (AD,  IT  and  JD,  personal  observations)  and  is  not  LPS 
since  HT29  cells  are  not  responsive  to  LPS  [3,35]. 

The  native  sterile-filtered  concentrated  broth  was  subse¬ 
quently  treated  with  DNase,  RNase,  proteinase  K  or 
crudely  size  fractionated  on  100  kDa  centricon  filters.  The 
variously  treated  broths  were  then  used  to  challenge  HT29 
intestinal  epithelial  cells  and  WCEs  were  prepared  after 
forty-five  minutes  and  NF-kB  DNA  binding  activity  was 
analyzed  by  F.MSA  (Fig  2A).  Direct  infection  of  HT29  cells 
by  S.  typhimurium  1103  or  exposure  to  the  culture  broths 
(supt),  as  indicated,  induced  NF-kB  DNA  binding  activity, 
while  the  activity-inducing  factor  was  found  to  be  sensi¬ 
tive  to  protease  digestion  and  was  retained  by  a  100  kDa 
filter  (Fig.  2A).  To  further  determine  the  identity  of  the 
NF-kB  inducing  activity,  sterile-filtered  concentrated 
broth  culture  was  fractionated  by  Superose  12  gel  perme¬ 
ation  chromatography  (Fig.  2B)  and  by  anion  exchange 
chromatography  (Fig.  2C).  Aliquots  of  chromatography 
fractions  were  assayed  for  their  ability  to  activate  NF-kB  in 
HT29  cells  and  analyzed  by  EMSA.  As  can  be  seen  from 
the  Coomassie  blue  stained  gel  (Fig.  2B,  top  panel) 
increased  NF-kB  DNA  binding  activity  (Fig.  2B,  lower 
panel  lanes  4-6)  corresponded  to  the  increased  abun¬ 
dance  of  an  approximately  55  kDa  protein.  Anion 
exchange  chromatography  on  POROS  HQ  matrix  and  elu¬ 
tion  of  bound  proteins  with  an  increasing  salt  gradient  as 
indicated  (Fig.  2C)  demonstrated  that  NF-kB  DNA  bind¬ 
ing-inducing  activity  corresponded  to  chromatographic 
fractions  containing  an  increased  abundance  of  the  55 
kDa  protein  (Fig.  2C  top  panel,  and  data  not  shown). 
Eluted  fractions  observed  in  Fig.  2C  were  concentrated 
and  fractionated  on  preparative  12%  SDS-PAGE  gels  and 
bands  corresponding  to  B1-B6  were  cut  from  the  gels  and 
the  proteins  eluted,  precipitated  and  renatured  as 
described  in  Experimental  Procedures  and  used  to  stimu¬ 


late  HT29  cells.  Whole  cell  extracts  from  these  cells  were 
assayed  for  NF-kB  DNA  binding-inducing  activity  by 
EMSA  and  only  band  2  (B2)  corresponding  to  the  55  kDa 
protein  (Fig.  2C  lower  panel)  was  able  to  elicit  NF-kB 
DNA  binding  activity  while  buffer  from  the  beginning  or 
end  of  the  salt  gradient  failed  to  activate  NF-kB  DNA  bind¬ 
ing  activity. 

Proteins  corresponding  to  protein  bands  B1-B6  and  blank 
areas  of  the  gel  were  further  processed  for  peptide 
sequencing  as  described  in  Experimental  Procedures. 
Trypsin  digestion  of  the  protein  corresponding  to  B2  and 
analysis  by  electrospray  ion  trap  LC/MS  identified  the 
amino  acid  sequence  of  twenty-one  peptides,  Flagellin 
(seventy-five  percent  coverage  by  the  twenty-one  pep¬ 
tides)  was  unambiguously  identified  as  the  protein  con¬ 
sistent  with  inducing  NF-kB  DNA  binding  activity  (Fig  3). 

Flagellin  is  required  to  activate  NF-kB  in  intestinal 
epithelial  cells 

To  determine  if  flagellin  was  indeed  the  factor  that  was 
responsible  for  triggering  activation  of  NF-kB  after  expo¬ 
sure  of  intestinal  epithelial  cells  to  direct  bacterial 
infection  or  to  filtered  culture  broths  of  pathogenic  Salmo¬ 
nella  sp.  we  prepared  infectious  bacteria  and  boiled  and  fil¬ 
tered  culture  broths  from  the  non-flagellated  E.  Coli 
DH5a,  pathogenic  S.  dublin  strain  2229,  an  isogenic  S. 
dublin  2229  SopE-  mutant,  isogenic  S.  dublin  2229  SopB 
mutant,  isogenic  S.  dublin  2229  double  SopE/SopB- 
mutant  (strain  SE1SB2),  S.  typhimurium  strain  1103,  and 
isogenic  S.  typhimurium  fliC  Tn  10  insertion  mutant  (strain 
86)  and  a  S.  typhimurium  1103  isogenic  double  mutant 
fliC  /fljB-  and  were  used  to  challenge  HT29  cells.  Bacteria 
and  culture  broths  were  used  to  challenge  HT29  intestinal 
epithelial  cells  and  WCE  extracts  were  prepared  after  forty- 
five  minutes  and  analyzed  for  NF-kB  DNA  binding  activ¬ 
ity  by  EMSA.  Salmonella  strains  could  activate  NF-kB, 
while  Salmonella  strains  failing  to  produce  flagellin  (fliC 
and  fliC'/fljB-  mutants  as  indicated)  also  failed  to  activate 
NF-kB  (Fig.  4A  &4B).  £.  Coli  DH5a  is  non-flagellated  and 
does  not  produce  flagellin  failed  to  activate  NF-kB.  We 
also  noticed  through  numerous  experiments  that  S.  dublin 
direct  infections  always  activated  NF-kB  to  a  greater  extent 
than  S.  typhimurium  as  observed  in  Fig.  4A  while  culture 
broths  from  both  species  activated  NF-kB  almost  equally 
well  (Fig.  4B).  We  believe  this  difference  is  due  perhaps  to 
S.  dublin  releasing  more  flagellin  into  the  cell  culture 
media  than  S.  typhimurium  during  infection  since  purifica¬ 
tion  of  flagellin  from  both  S.  dublin  and  S.  typhimurium 
and  addition  of  equivalent  amounts  of  chromatographi- 
cally  purified  flagellin  gave  similar  NF-kB  activation  pro¬ 
files  (TT  &  JD,  unpublished  observations). 

Of  note  is  the  total  failure  of  the  double  flagellin  gene 
mutants  to  activate  NF-kB  as  compared  to  the  very  minor 
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Figure  2 

Protein  factor  in  Salmonella  culture  broth  leads  to  NF-kB  activation.  A,  Salmonella  dublin  culture  broth  concentrated  100-fold 
was  treated  as  indicated  or  infectious  bacteria,  as  indicated  was  used  to  challenge  HT29  cells.  NF-kB  DNA  binding  activity  was 
assayed  by  EMSA  from  whole  cell  extracts  prepared  45  min  after  treatment.  Authenticity  of  the  NF-kB  DNA:protein  complex 
was  determined  using  p65(RelA)-specific  and  p50-specific  antibody  supershifts.  B,  Concentrated  Salmonella  dublin  culture  broth 
(IN)  was  chromatographed  by  gel  permeation  on  a  Superose  12  column.  Eluted  protein  fractions  were  analyzed  by  fractiona¬ 
tion  on  1 0/o  SDS-PAGE  and  visualized  by  Coomassie  blue  (CB)  staining.  Molecular  weight  markers  for  chromatography  and  on 
the  gels  are  indicated.  Aliquots  of  each  fraction  as  indicated  was  used  to  stimulate  HT29  cells  and  resultant  WCEs  were  ana¬ 
lyzed  by  EMSA  for  NF-kB  DNA  binding  activity.  C,  Concentrated  Salmonella  dublin  culture  broth  (IN)  was  chromatographed  by 
anion  exchange  chromatography  on  POROS  HQ  matrix.  Proteins  were  eluted  with  an  increasing  NaCI  gradient  as  indicated 
and  analyzed  on  1 0%  SDS-PAGE  and  visualized  by  Coomassie  blue  (CB)  staining.  Input  and  aliquots  of  each  fraction  as  indicated 
was  used  to  stimulate  HT29  cells  and  resultant  WCEs  were  analyzed  by  EMSA  for  NF-kB  DNA  binding  activity.  Eluted  material 
corresponding  to  protein  bands  B I -B6,  a  blank  portion  of  the  gel  was  isolated  from  a  duplicate  1 0%  SDS-PAGE  gel  as  described 
!"J?Penl"lenc‘l  Procedures  along  with  buffer  samples  from  the  beginning  and  end  NaCI  buffer  gradient  and  used  to  stimulate 
HT29  cells  and  resultant  WCEs  were  analyzed  by  EMSA  for  NF-kB  DNA  binding  activity 
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Figure  3 

Identifcation  by  mass  spectrometry  of  flagellin  as  the  NF-kB  activating  factor  in  Salmonella  culture  broth.  Microcapillary  HPLC 
tandem  mass  spectrometry  of  Band  2  digested  by  trypsin.  Peaks  corresponding  to  Salmonella  peptides  are  numbered  and  iden¬ 
tified  with  the  corresponding  numbered  peptide  sequence  to  the  right. 


activation  observed  in  the  single  Phase  1  flagellin 
fliC::TnI0  insertion  mutant  (next  to  last  lanes  in  Fig.  4A 
&4B)  which  likely  is  due  to  the  extremely  limited  expres¬ 
sion  of  the  phase  II  flagellin  (from  fljB),  although  the 
strains  of  Salmonella  used  here  genetically  are  unable  or 
rarely  shift  phases  of  flagellin  production.  These  results 
are  consistent  with  previous  reports  identifying  flagellin 
as  a  potent  inducer  of  the  proinflammatory  response  and 
IL-8  production  [16-19].  Since  flagellin  appears  required 
for  activation  of  the  NF-kB  pathway  upon  direct  infection 
of  intestinal  epithelial  cells  it  appeared  possible  that  flag¬ 
ellin  may  also  be  the  major  determinant  of  other  major 
mitogenic  and  stress  activated  signaling  pathways  acti¬ 
vated  upon  pathogenic  Salmonella  infection  of  intestinal 
epithelial  cells.  Previously  others  and  we  have  demon¬ 
strated  that  direct  Salmonella  infection  of  intestinal  epithe¬ 
lial  cells  results  in  JNK  activation  [8]  and  also  the 
activation  of  NF-kB  via  IKK  |3[.  The  identification  of  flag¬ 
ellin  as  a  potent  NF-kB  activator  is  significant  since  SopE 
had  previously  been  shown  to  be  a  pathogenic  Salmonella 
bacteriophage  encoded  protein  that  is  injected  into  the 
host  cell  and  acts  as  an  exchange  factor  for  the  small  Rho 
GTPases  Racl  and  CdC42  initiating  cytoskeleton 
rearrangements  and  eventual  activation  of  the  MAPK, 
SAPK  and  NF-kB  pathways  [7,15],  while  SopB  is  a  Salmo¬ 
nella  protein  that  functions  as  an  inositol  phosphate  phos¬ 
phatase  and  participates  in  cytoskeletal  rearrangements 
and  stimulates  host  cell  chloride  secretion  [36], 


Flagellin  triggers  activation  of  the  mitogen  activated 
protein  kinase,  stress  activated  protein  kinase  and  IKK 
signaling  pathways 

Intestinal  epithelial  cells  act  as  sentinels  for  invasion  of 
luminal  surfaces  and  orchestrate  the  attraction  of  effector 
immune  cells  to  the  area  by  production  of  chemokine 
genes  like  IL-8  and  macrophage  chemoattractant  protein 
1  (MCP1 )  proinflammatory  cytokine  genes  such  as  TNFa, 
IL-1  and  IL-6  [  1,4-6].  Expression  of  these  genes  primarily 
depends  upon  the  action  of  transcription  factors  that  are 
activated  in  response  to  the  transmission  of  signals  via  the 
MAPK,  SAPK  and  IKK  signaling  pathways.  Since  NF-kB  is 
considered  a  central  regulator/activator  of  the  proinflam¬ 
matory  gene  program  we  decided  to  examine  the  effect 
that  non-flagellin  producing  mutant  strains  of  Salmonella 
had  on  activation  of  the  MAPK,  SAPK  and  IKK  signaling 
pathways  compared  to  infection  of  intestinal  epithelial 
cells  with  wild-type  Salmonella  or  by  exposure  of  the  intes¬ 
tinal  epithelial  cells  to  purified  flagellin.  Infection  of 
HT29  cells  with  wild-type  S.  typhimurium  resulted  in  acti¬ 
vation  of  MAPKs  ERK1&2,  the  SAPKs  p38,  JNK  and  IKK 
(Fig.  5)  as  determined  by  use  of  activation-indicating 
phospho-specific  antibodies  in  immunoblot  (IB)  analysis 
or  antibody-specific  immuno-kinase  assays  (KA)  for  JNK 
and  IKK  using  their  respective  substrates  GST-cJun  1-79 
and  GST-IkB<x1-54  (37-39).  Interestingly,  MAPK  stimula¬ 
tion  is  transient  in  nature  as  activation  declines  beginning 
at  forty-five  minutes  while  p38,  JNK  and  IKK  activity 
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Figure  4 

Flagellin  mutants  fail  to  activate  NF-kB.  EMSAs  assaying  for  NF-kB  DNA  binding  activity  in  WCEs  prepared  45  min  from  non- 
infected  cells  (UN)  and  after  direct  infection  of  HT29  cells  with  wild-type  £  coli  DH5ct,  wild-type  Salmonella  dublin  or  Sop£ 
mutant,  SopB-  mutant,  the  SopE7SopB-  double  mutant,  wild-type  Salmonella  typhimurium  strain  1 103,  the  fliC-  mutant 
(fliC::Tn/0),  the  f!iC7fIjB  double  mutant  as  indicated  at  an  MOI  of  50.  B,  EMSAs  assaying  for  NF-kB  DNA  binding  activity  in 
WCEs  prepared  45  min  after  challenge  of  HT29  cells  from  non-infected  cells  (UN)  or  with  sterile-filtered  concentrated  culture 
broths  from  wild-type  and  mutant  bacteria  as  indicated. 


increases  with  time  through  one  hour.  As  seen  in  Fig.  4, 
the  fliC-/fljB-  double  mutant  Salmonella  also  failed  to 


induce  IKK  and  NF-kB  activity  (Fig.  5  as  indicated).  Sur¬ 
prisingly,  the  fliC/fljB-  double  mutant  Salmonella  failed  to 
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Figure  5 

Flagellin  is  required  for  activating  multiple  signaling  pathways  during  Salmonella  infection  and  leads  to  nuclear  localization  of  NF- 
kB-  HT29  cells  were  left  untreated,  stimulated  with  TNFct  (10  ng/ml)  or  a  cocktail  of  anisomycin  [An]  (20  pg/ml)/PMA  (12.5  ng/ 
ml)  for  15  min,  or  infected  with  either  wild-type  (WT)  Salmonella  typhimurium  strain  I  103  or  the  Salmonella  typhimurium  double 
fliC/fljB-  mutant  strain  134  as  indicated.  WCE  were  prepared  at  the  indicated  times  or  at  10  min  for  TNF-treated  cells  or  15 
min  for  anisomycin/PMA  treated  cells  and  used  in  EMSAs  to  analyze  NF-kB  DNA  binding  activity,  or  in  immuno-kinase  assays 
(KA)  using  anti-IKK  or  anti-JNK  antibodies  to  measure  IKK  and  JNK  kinase  activity  on  their  respective  substrates  GST-kBa  I- 
54  and  GST-cJun  1-79  (as  indicated).  Immunoblot  (IB)  analysis  of  equivalent  amounts  (40  ug)  of  protein  from  each  extract  was 
fractionated  on  SDS-PAGE  gels  and  transferred  to  PVDF  membranes  and  probed  with  the  indicated  antibodies  to  detect  bulk 
IKK,  JNK,  ERK  and  p38  as  indicated.  Immunoblot  analysis  using  phospho-specific  antibodies  for  ERK  and  p38  to  detect  acti¬ 
vated  ERK  and  p38  are  indicated.  B,  Immunofluorescence  demonstrating  that  flagellin  mutant  Salmonella  foil  to  infect  HT29 
cells  and  that  purified  flagellin  stimulation  of  HT29  cells  leads  to  NF-kB  nuclear  p65  (RelA)  localization  as  determined  by  indi¬ 
rect  immunofluorescence.  Imaging  of  the  treatment  indicated  HT29  cells  grown  on  coverslips  was  essentially  the  same  as  in  Fig. 

I A  &  IB.  False  coloring  of  the  DAPI  stain  was  used  to  enhance  the  visualization  of  both  DAPI  stained  nuclei  and  p65  nuclear 
localization. 
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induce  the  SAPKs  p38  and  JNK  and  only  briefly  (fifteen 
minutes)  activated  MAPK.  This  result  is  puzzling  since 
other  Salmonella  proteins  such  as  SopE  and  SopE2  can 
activate  the  small  GTPases  Rac  and  CdC42,  and  these  Rho 
family  GTPases  have  been  linked  to  JNK  and  p38  activa¬ 
tion  [7,8, 14, 1 5]  yet  appear  not  to  function  in  the  flagellin 
minus  strain. 

The  fliC-/fljB-  double  mutant  Salmonella  failed  to  invade 
HT29  cells  compared  to  the  wild-type  Salmonella  strain  as 
determined  by  gentamycin  protection/invasion  assay  (see 
Experimental  Procedures).  The  flagellin  fliC/fljB- double 
mutant  displayed  a  four  orders  of  magnitude  difference  in 
its  ability  to  invade  HT29  cells  (TT  &  JD,  unpublished 
observations).  To  demonstrate  this  point  further,  we 
infected  HT29  cells  with  either  wild-type  Salmonella  or  the 
fliC/fljB-  double  mutant  Salmonella  (strain  134),  both 
strains  were  transformed  with  the  plasmid  pFMlO.l  that 
encodes  GFP  under  the  control  of  the  Salmonella  ssaH 
promoter  and  only  functions  once  the  bacteria  has 
invaded  the  host  cell  [  10,34).  The  wild-type  Salmonella 
clearly  was  able  to  infect  HT29  cells  (GFP,  Fig.  5B)  while 
the  flagellin  mutant  bacteria  failed  to  invade  HT29  cells  as 
evidenced  by  the  lack  of  GFP  expression  (Fig.  5B).  To 
determine  if  flagellin  is  sufficient  or  that  other  bacterially 
produced  proteins  are  required  for  invasion,  we  added 
either  purified  flagellin  or  sterile-filtered  culture  broths  or 
a  combination  of  both  to  HT29  cells  that  were  challenged 
with  the  Salmonella  fliC  /fljB-  double  mutant  and  assayed 
for  invasion.  Intestinal  epithelial  cells  failed  to  be  invaded 
using  all  tested  combinations  of  purified  flagellin  and/or 
culture  broths  with  the  fliC  /fljB-  double  mutant  strain  ('IT 
&  JD,  unpublished  observations).  To  our  knowledge  there 
is  no  known  direct  connection  between  expression  of  flag¬ 
ellin  genes  and  the  effectiveness  of  the  type  III  secretion 
system  to  deliver  bacterially  produced  proteins  such  as 
SopE,  SopE2  and  SipA  or  other  Sip  or  Sop  proteins 
[  7, 1 4, 1 5,40,4 1  ]  that  play  important  roles  in  initiating  bac¬ 
terial  internalization.  Furthermore,  to  evaluate  the  effec¬ 
tiveness  of  flagellin  to  stimulate  p65  (RelA)  nuclear 
localization  in  intestinal  epithelial  cells  we  challenged 
HT29  cells  with  purified  flagellin  and  examined  p65 
(RelA)  localization  using  indirect  immunofluorescence 
and  found  p65  (RelA)  nuclear  localization  in  nearly  every 
cell  (Fig.  5B  as  indicated). 

Purified  flagellin  (0.5  pg/ml)  was  added  to  the  culture 
media  of  HT29  cells  and  WCE  were  prepared  at  various 
times  as  indicated  after  exposure  and  assayed  for  NF-kB 
DNA  binding  activity  in  EMSAs  (Fig.  6A).  Flagellin 
potently  activated  NF-kB  in  a  time  dependent  manner 
similar  to  that  observed  for  TNF  (10  ng/ml)  treatment  of 
HT29  cells  (Fig.  6A).  Analysis  of  the  MAPK,  SAPK  and  IKK 
signaling  pathways  (Fig.  6B)  at  various  times  after  flagel¬ 
lin  treatment  of  HT29  cells  using  activation-specific  phos- 


pho-antibodies  to  monitor  MAPK  and  p38  kinase 
activation  or  antibody-specific  immunoprecipitation 
kinase  assays  for  JNK  and  IKK  activities  demonstrated  that 
JNK  and  IKK  activity  increased  through  time  to  one-hour 
while  p38  and  MAPK  (F.RK1&2)  activity  peaked  at  thirty 
minutes  and  began  to  decline  to  noticeably  lower  levels 
by  one-hour  (Fig  6B  as  indicated).  The  activation  profile 
of  the  MAPK,  SAPK  and  IKK  signaling  molecules  ERK1&2, 
p38,  JNK  and  IKK  in  intestinal  epithelial  cells  in  response 
to  purified  flagellin  exposure  remarkably  resembled  that 
of  intestinal  epithelial  cells  infected  with  wild- type  Salmo¬ 
nella  (Fig.  5A).  From  these  observations  we  conclude  that 
the  temporal  activation  of  the  signaling  pathways  exam¬ 
ined  here  (MAPK,  SAPK  and  IKK),  which  reflect  early 
events  in  Salmonella  infection,  are  determined  almost 
exclusively  by  recognition  and  response  of  intestinal  epi¬ 
thelial  cells  to  flagellin. 

We  wished  to  further  examine  the  effect  of  purified  flagel¬ 
lin  and  flagellin  present  on  Salmonella  on  the  temporal 
pattern  of  proinflammatory  cytokine  gene  expression  in 
intestinal  epithelial  cells  in  order  to  differentiate  the 
effects  of  flagellin  alone  vs.  flagellated  Salmonella  or  non- 
flagellated  Salmonella  infection.  HT29  cells  were  left 
untreated,  stimulated  with  TNFa  (10  ng/ml),  or 
stimulated  with  flagellin  (0.5  ug/ml),  or  infected  with 
wild-type  Salmonella  typhimurium  or  the  Salmonella  fliC/ 
fljB  double  mutant  (at  MOI  of  50).  After  the  indicated 
times  after  treatment  or  infection,  HT29  cells  were  har¬ 
vested  in  ice-cold  PBS  and  the  cell  pellets  lysed  in  Trizol 
and  RNA  was  purified  and  used  to  prepare  first-strand 
cDNA  (see  Experimental  Procedures).  Aliquots  of  the 
cDNA  were  used  in  semi-quantitative  RT-PCR  reactions 
using  ILla,  IL-lfl,  IL-8,  TNFa,  MCP1  and  fl-actin  gene  spe¬ 
cific  primers  (sequences  available  upon  request)  and  the 
products  were  fractionated  on  ethidium  bromide  contain¬ 
ing  1 .2%  agarose  gels.  Expression  of  the  known  NF-kB  tar¬ 
get  genes  IL-lfl,  IL-8,  TNFa  and  MCP1  was  increased  in 
response  to  TNFa  or  purified  flagellin  exposure  (Fig.  6C). 
Wild-type  Salmonella  infection  also  led  to  activation  of 
these  same  genes  although  the  expression  of  TNFa  and 
MCP1  was  transient  in  comparison  and  occurred  immedi¬ 
ately  after  infection.  The  Salmonella  fliC/fljB  double 
mutant  failed  to  induce  IL-ip,  IL-8  and  TNFa  expression, 
however  MCP1  expression  was  induced,  although  at 
lower  levels  than  that  induced  by  wild-type  Salmonella, 
and  also,  the  expression  of  MCP1  was  not  transient  in 
nature  and  continued  throughout  the  time  course  (9  h) 
(Fig.  6C).  The  expression  level  of  (1-actin  served  as  an 
internal  standard  for  comparison.  Interestingly,  IL-la, 
which  is  not  an  NF-kB  target  gene  was  stimulated  in 
response  to  HT29  cell  challenge  by  all  of  the  treatments. 
Obviously,  the  Salmonella  fliC/fljB-  double  mutant  can 
activate  other  signaling  pathways  leading  to  IL-la 
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Figure  6 

Purified  flagellin  activates  signaling  pathways  and  proinflammatory  gene  expression  in  intestinal  epithelial  cells  mimicking  that  of 
wildtype  a  wild-type  Salmonella  infection.  HT29  cells  were  left  untreated  or  treated  with  TNFa  (10  ng/ml)  or  a  cocktail  of  ani- 
somycin  [An]  (20  pg/ml)/PMA  (12.5  ng/ml)  for  10  min,  or  with  flagellin  (I  ug/ml)  for  the  indicated  times.  WCE  were  prepared 
and  analyzed  by  EMSA  for  NF-kB  DNA  binding  activity,  immuno-kinase  assays  (KA)  or  immunoblot  analysis  using  phospho-spe- 
cific  antibodies  for  ERK  or  p38  to  detect  activation  and  with  kinase-specific  antibodies  as  described  in  Fig.  5A  to  detect  bulk 
kinase  abundance  as  indicated.  A,  EMSA  to  detect  NF-kB  DNA  binding  activity.  Authenticity  of  the  NF-kB  bandshift  was  tested 
with  supershift  of  the  complex  with  p65(RelA)-specific  antibody  (a  p65),  normal  rabbit  serum  (NRS)  served  as  an  irrelevant 
antibody  control.  B,  immunoblot  and  kinase  assays  to  detect  IKK,  JNK,  ERK  and  p38  kinase  activities  and  protein  abundance  as 
in  Fig.  5A.  C,  semi-quantitative  RT-PCR  of  proinflammatory  gene  expression  of  non-treated,  wild-type  and  flagellin  double 
mutant  Salmonella  typhimurium  infected,  TNFa  ( 1 0  ng/ml)  or  flagellin  ( I  ug/ml)  stimulated  cells.  HT29  cells  were  harvested  at 
the  indicated  times  after  the  indicated  treatments  and  isolated  RNA  was  used  to  make  first  strand  cDNA  that  subsequently 
used  in  RT-PCR  reactions  (as  described  in  Experimental  Procedures)  using  gene-specific  primers  for  ILIa,  IL I  p,  IL-8,  TNFa, 
MCPI  and  P-actin.  P-actin  was  used  as  a  standard  for  normalizing  expression  patterns.  Resulting  PCR  products  were  fraction¬ 
ated  on  2%  agarose  gels  and  visualized  by  eithidium  bromide  staining. 
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expression.  We  presently  do  not  know  what  these  signal¬ 
ing  pathways  are. 

Flagellin  activates  NF-kB  DNA  binding  in  a  My 088- 
dependent  manner 

Flagellin  was  capable  of  activating  the  requisite  signaling 
pathways  consistent  with  proinflammatory  gene  activa¬ 
tion  similar  to  that  of  a  cytokine  like  TNFa  that  activates 
all  cells  on  which  a  functional  cell  surface  receptor  for  it  is 
present  (see  p65  [RelA]  nuclear  localization  in  Fig.  1  and 
Fig.  5C)  we  decided  to  examine  the  potenual  of  the  Toll¬ 
like  receptors,  to  activate  the  NF-kB  pathway  in  response 
to  flagellin  exposure.  To  quickly  test  this  hypothesis  we 
examined  the  effect  that  a  dominant-negative  MyD88  (aa 
152-296)  [42]  expressing  adenovirus  had  on  flagellin- 
mediated  NF-kB  activation  in  HT29  cells.  MyD88  is  an 
adapter  protein  utilized  by  the  IL-1  receptor  and  all  of  the 
known  TLRs,  which  share  homology  to  IL-1  through  their 
cytoplasmic  signaling  domain  and  is  required  for 
immediate  activation  of  the  NF-kB  pathway  [43,44].  We 
found  that  expression  of  DN-MyD88  in  HT29  cells 
blocked  the  activation  of  NF-kB  DNA  binding  activity 
assayed  by  EMSA  analysis  in  response  to  IL-1  or  flagellin 
exposure,  consistent  with  the  action  of  a  TLR-mediated 
activation  of  NF-kB  (TT  &  JD,  unpublished  observations). 
To  examine  this  possibility  further  we  initially  used  wild- 
type,  MyD887-  and  TLR2//TI.R4-/-  MEFs  (a  gift  of  S.  Akira, 
Univ.  of  Osaka,  JA)  to  verify  the  role  of  MyD88  and  to 
examine  the  potential  role  of  two  of  the  TLRs  to  respond 
to  flagellin  or  to  direct  wild-type  Salmonella  infection  and 
lead  to  NF-kB  activation  (Fig.  7).  Wild-type  Salmonella 
infection  activates  NF-kB  potently  in  both  the  wild-type 
and  FLR  deficient  MEFs  (lanes  2  &  15)  but  this  activation 
is  somewhat  defective  in  the  MyD88  deficient  MEFs  (lane 
10).  Challenge  of  all  three  types  of  cells  with  concentrated 
sterile-filtered  wild-type  S.  dublin  or  the  double  SopE -/ 
S°pB  isogenic  mutant  S.  dublin  strain  SE1SB2  culture 
broths  activated  NF-kB  in  wild-type  MEFs  and  TLR2/4 
double  deficient  cells  but  failed  to  activate  NF-kB  in 
MyD88  deficient  cells  (compare  lanes  11  and  12  with 
lanes  3,  4,  6,  7,  16  and  17).  NF-kB  was  potently  activated 
in  wild-type  MEFs  by  exposure  to  purified  flagellin  (0.5 
pg/ml)  and  therefore  eliminated  the  possibility  that  LPS 
played  a  role  in  NF-kB  activation  in  these  experiments. 
The  exclusion  of  LPS  as  a  major  contributor  to  NF-kB  acti¬ 
vation  is  also  provided  by  the  potent  activation  of  the 
TLR2/4  double  deficient  MEFs  (lanes  16  &  17).  TLRs  2  and 
4  respond  to  bacterial  lipopeptides,  peptidoglycans,  cer¬ 
tain  LPSs  and  gram  negative  LPS  respectively  [45-47].  IL-1 
stimulation  verified  the  functional  requirement  of  MyD88 
in  transmission  of  IL-1  and  flagellin-mediated  signals. 

To  further  define  a  possible  role  for  the  TLRs  in  flagellin 
recognition  we  assayed  for  the  ability  of  overexpressed 
TLRs  to  activate  NF-kB  in  cells  that  normally  respond 


poorly  to  flagellin  exposure.  Choosing  cells  that 
responded  slightly  to  purified  flagellin  ensured  that  the 
signaling  components  and  adapters  that  flagellin  uses 
were  present  and  functional  and  that  the  limiting  factor 
was  likely  only  to  be  the  receptor  that  responds  to  flagel¬ 
lin.  We  found  that  HeLa  cells  and  HEK293T  cells  activated 
NF-kB  DNA  binding  activity  in  response  to  IL-1  stimula¬ 
tion  but  poorly  to  flagellin  exposure  (TT  &  JD,  unpub¬ 
lished  observations)  (but  see  Fig.  9B)  and  we  chose 
HEK293T  cells  to  use  further  because  of  their  greater  trans¬ 
fection  efficiency.  Amino-terminus  FLAG  epitope-tagged 
TLRs  1-9  (kind  gifts  of  R.  Medzhitov,  Yale  Univ.  and  R. 
Ulevitch,  TSRI)  [48,49]  were  overexpressed  in  HEK  293T 
cells  in  transient  transfections  along  with  the  2x-NF-kB- 
dependent  promoter  driven  luciferase  reporter  gene  [50] 
and  the  expression  of  luciferase  in  response  to  no  treat¬ 
ment,  flagellin  (0.5  pg/ml)  or  TNFa  (10  ng/ml)  was  deter¬ 
mined.  I LR5  was  the  only  TLR  whose  expression  resulted 
in  a  noticeable  response  to  flagellin  challenge  of  the  cells 
(Table  1). 

To  further  determine  the  likelihood  ofTLR5  being  the  TLR 
through  which  flagellin  activated  NF-kB,  we  constructed 
dominant-negative  signaling  mutations  by  deletion  of  the 
carboxyl  portion  of  each  TLR  to  a  conserved  tryptophan  in 
the  TIR  domain  (see  Materials  and  Methods).  A  similar 
mutation  in  the  IL-1  receptor  abrogates  its  ability  to  lead 
to  NF-kB  activation  [51,52).  Each  DN-TLR  along  with  a 
reverse  cloned  TLR5  (AS-TLR5)  were  cloned  into  the 
mammalian  expression  vector  pCDNA3.1  (Invitrogen, 
Carlsbad,  CA).  All  mutant  proteins  were  expressed  well 
(TT  &  JD  unpublished  observations).  Each  DN-TLR  mam¬ 
malian  expression  vector  and  empty  expression  vector 
along  with  2x  NF-kB  Luc  was  transfected  as  previously 
described  [3]  into  HT29  cells  which  respond  very  well  to 
flagellin.  The  transfected  cells  were  left  untreated,  stimu¬ 
lated  with  TNFa  (10  ng/ml)  or  with  purified  flagellin  (0.5 
Pg/ml)-  Reporter  gene  expression  was  observed  not  to  be 
affected  by  DN-TLR  expression  in  response  to  TNFa  stim¬ 
ulation  of  transfected  cells  (Fig.  8A)  however,  only  expres¬ 
sion  of  either  the  DN-TLR5  or  an  antisense  TLR5  construct 
resulted  in  a  nearly  fifty  percent  and  twenty-five  percent 
inhibition  of  flagellin-mediated  reporter  gene  activation 
respectively  (Fig.  8B),  while  DN-TLR2  also  was  found  to 
mildly  inhibit  flagellin-mediated  reporter  expression. 
These  results  imply  that  TLR5  takes  part  in  cell  surface  rec¬ 
ognition  of  flagellin  and  initiates  the  signaling  pathway 
leading  to  NF-kB  activation.  The  effect  of  DN-TLR2  on  NF- 
xB-dependent  reporter  gene  activation  may  be  non-spe¬ 
cific  since  its  expression  also  inhibited  TNFa-mediated 
reporter  activation  as  compared  to  the  other  DN-'I'LRs. 
DN-TLR2  may  also  compete  for  an  unknown  adapter  pro¬ 
tein  that  both  TLR2  and  TLR5  might  share.  In  any  event, 
TLR2  and  TLR4  were  shown  by  the  results  presented  in 


Page  1 1  of  24 

(page  number  not  for  citation  purposes) 


BMC  Microbiology  2004,  4:33 


http://www.biomedcentral.eom/1471-2180/4/33 


Wild  Type  MyD88*/_  TLR2-/-,TLR4-/’ 


Lane:  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18 


Figure  7 

Flagellin-mediated  activation  of  NF-kB  is  MyD88  dependent.  Infectious  wild-type  Salmonella  Dublin  (MOI  of  100),  IL-I  (20  ng/ 
ml),  purified  flagellin  (I  gg/ml)  (as  indicated),  sterile-filtered  and  concentrated  100  kDa  filter  retentate  supernatant  (spt)  from 
wild-type  Salmonella  dublin  and  SopE7SopB- double  mutant  Salmonella  dublin  strain  SEISB2  (S2,  as  indicated)  was  used  to  chal¬ 
lenge  wild-type,  MyD88-'-  knockout  or  TLR2-/7TLR4-'-  double  knockout  MEFs  as  indicated.  WCEs  were  prepared  45  min  after 
treatments  and  examined  by  EMSA  to  analyze  NF-kB  DNA  binding  activity.  IL-I  (20  ng/ml)  was  used  as  a  positive  control  to 
monitor  MyD88  function. 


Fig.  7  not  to  be  required  for  flagellin-mediated  activation 
of  NF-kB. 

Flagellin-mediated  activation  of  NF-k&  in  intestinal 
epithelial  cells  leads  to  increased  and  decreased 
expression  of  a  subset  of  TLRs 

Stimulation  of  intestinal  epithelial  cells  with  S.  lyphimu- 
rium  or  with  purified  flagellin  led  to  activation  of  the 
proinflammatory  gene  program  (Fig.  6C).  We  wished  to 
examine  whether  or  not  expression  of  TLR  genes  would 
also  be  altered  in  flagellin  sumulated  cells.  HT29  cells 
were  treated  or  not  with  purified  flagellin  (0.5  ug/ml)  or 
with  TNFa  (10  pg/ml)  and  total  RNA  was  isolated  from 
non-treated  and  treated  cells  three  hours  after  stimulation 
and  used  to  make  first-strand  cDNA.  Real-time  RT-PCR 
using  gene-specific  primers  for  each  of  the  TLRs  (Superar¬ 
ray,  Frederick,  MD)  and  first-strand  cDNA  prepared  from 
non-stimulated  or  flagellin  stimulated  cells  was  used  to 
generate  SYBR-green  (Perkin-Elmer)  labeled  DNA 
products  that  were  detected  in  an  iCycler™  (Bio-Rad). 


Interestingly,  flagellin  only  mildly  activated  the  expres¬ 
sion  of  TLR2,  while  expression  levels  of  TLRs  5,  6,  9  and 
10  were  decreased  by  2-fold  (Table  2).  Contrastingly,  TNF 
stimulation  led  to  increased  expression  of  TLRs  3  and  4 
(1.6-  and  3.5-fold  respectively),  while  TLRs  2,  9  and  10 
were  decreased  by  approximately  2-,  5-  and  3-fold  respec¬ 
tively.  GAPDH  expression  served  as  comparative 
standard. 

TLRS  is  expressed  in  cells  that  don't  respond  well  to 
flagellin 

This  study  and  others  [22,33 J  have  identified  TLR5  as  the 
likely  TLR  through  which  flagellin  activates  NF-kB.  Previ¬ 
ous  reports  made  no  determination  on  the  presence  or 
abundance  ofTLRS  in  the  cells  that  they  used  to  ascertain 
its  function  [22,33],  We  wished  to  determine  ifTLR5  pro¬ 
tein  abundance  was  absent  or  greatly  decreased  in  cells 
that  failed  to  respond  or  responded  poorly  to  challenge  by 
flagellin.  TLR5  abundance  in  a  number  of  cell  lines  was 
examined  by  immunoblot  analysis  using  a  TLR5-specific 
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B 


Figure  8 

TLR5  inhibits  flagellin-mediated  NF-kB  reporter  gene  activity.  HT29  cells  were  transfected  in  triplicate  in  6-well  dishes  using 
the  indicated  DN-TLR  mammalian  expression  vectors  or  antisense  TLR5  (AS  TLR5)  (2  pg/well),  2*  NF-kB  Luc  reporter  gene 
(100  ng/well),  pRL-TK  Renilla  luciferase  for  normalization  (50  ng/well)  adjusted  to  4  pg  total  DNA/well  with  empty  vector 
pCDNA3. 1  DNA.  A,  Fold-induction  of  2X  NF-kB  Luc  reporter  gene  in  non-stimulated  cells  (light  shading)  and  in  TNFa  (10  ng/ 
ml)  treated  cells  (dark  shading).  Lysates  were  prepared  12  h  after  stimulation.  Results  of  a  representative  experiment  are 
shown.  B,  HT29  cells  transfected  as  in  A  were  treated  with  flagellin  (I  pg/ml)  and  cell  lysates  were  prepared  and  analyzed  as  in 
Fig.  8A.  Results  of  a  representative  experiment  are  shown. 
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Figure  9 

TLR5  is  expressed  in  numerous  cell  types  and  has  variable  responses  to  flagellin.  A,  whole  cell  extracts  were  prepared  from 
non-stimulated  T84,  HT29,  A549,  HeLa,  293T  and  T98G  cells  and  fractionated  on  a  8%  SDS-PAGE  gel,  proteins  were  trans¬ 
ferred  to  PVDF  membrane  and  probed  with  anti-TLR5  antibody  for  immunoblot  analysis  (IB).  Protein  loading  was  examined  by 
probing  with  anti-actin  antibody.  B,  HT29,  A549,  HeLa,  293T  and  T98G  cells  were  left  untreated  (--),  treated  with  flagellin  (F) 
or  TNFa  (T)  and  WCEs  were  prepared  after  45  min  and  used  in  EMSA  to  monitor  NF-kB  DNA  binding  activity.  Authenticity 
of  the  NF-kB  bandshift  was  tested  with  supershift  of  the  complex  with  p65(RelA)-specific  antibody  (ap65),  normal  rabbit 
serum  (NRS)  served  as  an  irrelevant  antibody  control.  C,  HT29,  A549,  HeLa,  293T  and  T98G  cells  WCEs  (50  pg)  were  frac¬ 
tionated  on  a  8%  SDS-PAGE  gel,  proteins  transferred  to  Immobilon  Pand  immunoprobed  with  anti-mucl  (1:450,  Santa  Cruz). 
Size  markers  are  listed  and  muc  I  position  is  indicated  with  an  arrow. 
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Table  I:  TLR5  reponds  to  flagellin  and  activates  NF-kB 


Ne  Stim 

TNE 

Elis 

Vector 

1 

13.5 

4.9 

TLRI 

1.7 

ND 

S.l 

TLR2 

1.6 

ND 

5.3 

TLR3 

1.5 

ND 

5.0 

TLR4 

1.8 

ND 

5.4 

TLRS 

1.6 

ND 

9.2* 

TLR7 

1.5 

ND 

5.2 

TLR8 

1.4 

ND 

5.0 

TLR9 

1.5 

ND 

5.1 

293T  cells  were  transfected  with  empty  vector  (pCDNA3.l)  or  the  individual  listed  wild-type  TLR  alleles  in  triplicate  in  6-well  dishes.  Cells  were 
left  untreated  (No  Stim),  TNFa  (10  ng/ml)  or  flagellin  (I  fig/ml).  NF-kB  reporter  activity  was  adjusted  by  normalizing  expression  to  control  Renilla 
luciferase  activity  and  fold  induction  was  calculated  as  reporter  gene  activity  in  treated  cells/reporter  gene  activity  in  non-stimulated  cells.  ND  is  not 
determined. 


Table  2:  Change  in  TLR 

mRNA  levels  following  TNFa  or  FliC  stimulation. 

Gene 

Fold  change 

TNFa  stimulated 

Fold  change 

FliC  stimulated 

TLRI 

ND 

ND 

TLR2 

0.6 

1.3 

TLR3 

1.6 

0.6 

TLR4 

3.5 

l.l 

TLR5 

0.9 

0.5 

TLR6 

0.9 

0.6 

TLR7 

M 

M 

TLR8 

ND 

ND 

TLR9 

0.2 

0.5 

TLR  10 

0.3 

0.5 

GAPDH 

1.0 

1.0 

ND  None  detected  by  R'PPCR 
M  None  detected  above  level  of  minus  RT  control. 

Reverse  Transcription  and  Real  Time  PCR  (R'PPCR)-RNA  was  prepared  from  cells  left  untreated,  stimulated  with  TNFa  (10  ng/ml)  or  flagellin  (I 
Mg/ml)  for  3  h.  RT!PCR  was  performed  with  an  iCyder  (Bio-Rad)  to  quantify  SYBR-green  labeled  products  generated  from  PCR  products  of  Ist 
strand  cDNA  prepared  from  TLR  I  through  TLR  10  mRNA,  I8S  rRNA,  and  GAPDH  mRNA  RT2PCR  (25  ul  reaction  volume)  was  performed  with 
the  appropriate  primers  (SuperArray)  in  triplicate  with  HotStart  Taq  DNA  polymerase  (SuperArray)  at  95°C  for  5  min  to  activate  Taq  and 
amplified  for  40  cycles  (95°C.  30  sec,  55°C,  30  sec,  72°C,  30  sec).  RT2PCR  was  performed  on  the  minus  RT  controls  with  TLR5  primers  to  detect 
DNA  contamination.  Fold  change  in  mRNA  expression  was  expressed  as  2aaCt.  ACt  is  the  difference  in  threshold  cycles  for  the  TLR  mRNAs  and 
1 8S  rRNA.  MCt  is  the  difference  between  ACt  non-simulated  control  and  ACt  stimulated  sample. 


antibody  and  compared  with  the  ability  of  purified  flagel¬ 
lin  to  induce  NF-kB  DNA  binding  activity  of  WCEs 
prepared  from  them.  Intestinal  epithelial  cell  lines  T84 
and  HT29  were  used  as  was  the  lung  adenocarcinoma  cell 
line  A549,  the  human  cervical  adenocarcinoma  cell  line 
HeLa,  the  human  embryonic  kidney  cell  line  expressing 
large  T  antigen  HEK293T,  and  the  glioblastoma  cell  line 
T98G.  TLR5  protein  was  detected  in  all  cell  lines  examined 
by  immunoblot  with  TLR5-specific  antibody  (Fig.  9A). 
T84  cells  exhibited  the  highest  abundance  while  expres¬ 
sion  levels  of  the  other  cell  lines  were  similar  and 
appeared  not  to  differ  by  more  than  two-fold  (Fig.  9A). 


NF-kB  DNA  binding  activity  in  non-sdmulated,  TNFa  and 
flagellin  stimulated  cells  was  analyzed  by  EMSA  assays  of 
WCEs  prepared  from  each  cell  type  (Fig  9B).  HT29  and 
A549  cells  responded  strongly  to  flagellin  and  to  TNFa 
stimulation  while  HeLa,  293T  and  T98G  cells  responded 
poorly  (HeLa,  293T)  or  not  at  all  (T98G)  to  flagellin  stim¬ 
ulation.  The  authenticity  of  the  NF-kB  DNA  binding  com¬ 
plex  was  determined  using  p65-specific  antibody  to 
supershift  the  NF-kB  DNA:protein  complex.  It  is  of  inter¬ 
est  that  some  cells  that  express  TLR5  either  do  not  respond 
at  all  or  do  so  very  poorly.  This  may  be  due  to  either  lack 
of  receptor  presence  at  the  plasma  membrane  and  intrac- 
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ellular  localization,  inactivating  or  detrimental  mutations 
in  the  TLR5  gene  in  these  cell  lines  or  lack  of  or  low  abun¬ 
dance  of  a  required  co-receptor  or  adapter  protein  (as  is 
the  case  in  some  cells  forTLR4  and  its  co-receptor/adapter 
MD2  [30,53,54]).  IL-1  can  activate  NF-kB  DNA  binding 
activity  in  all  of  the  examined  cell  lines  so  it  appears  that 
the  signaling  apparatus  downstream  of  MyD88  to  NF-kB 
is  intact. 

Recently  Mucl  a  secreted  and  membrane  bound  mucin 
protein  was  shown  to  serve  as  a  receptor  that  bound  Pseu¬ 
domonas  aeruginosa  and  its  flagellin,  leading  to  activation 
of  the  MARK  pathway  [55,56]  although  NF-kB  activity  was 
not  examined.  We  examined  the  mucl  abundance  levels 
in  HT29  (strong  flagellin  responder),  A549  (strong  flagel¬ 
lin  responder),  HeLa,  293T  (both  weak  flagellin  respond¬ 
ers)  and  T98G  (no  flagellin  response)  to  determine  if  its 
expression  correlated  with  the  activation  profile  of  NF-kB 
and  MAPK  in  these  cells  in  response  to  flagellin  [55]. 
Should  this  be  the  case  then  mucl  might  serve  as  a  viable 
co-receptor  for  TLR5  in  propagating  activation  signals 
leading  to  NF-kB  activation.  We  observed  that  only  UT29 
cellular  proteins  gave  a  strong  signal  by  immunoblot  anal¬ 
ysis  using  an  mucl-specific  antibody  while  mucl  was 
barely  detectable  in  the  other  cell  lines  (Fig.  9C).  These 
results  suggest  that  mucl  does  not  serve  the  role  of  a  TLR5 
co-receptor  that  leads  to  NF-kB  activation  and  likely  plays 
little  to  no  role  activating  MAPK  pathways  in  A549  cells 
where  we  have  observed  similar  temporal  MAPK  activa¬ 
tion  in  response  to  flagellin  exposure  as  we  do  in  HT29 
cells  (TT  and  JD,  unpublished  results).  Further  examina¬ 
tion  of  mud's  role  in  HT29  cells  in  regards  to  NF-kB  and 
MAPK  signaling  using  siRNA  is  warranted. 

Discussion 

Intestinal  epithelial  cells  at  mucosal  surfaces  serve  as 
innate  immune  sentinels  controlling  the  innate  host 
defense  instruction  to  the  immune  effector  cells  inside  the 
body  in  response  to  the  external  environment  [1,2].  Previ¬ 
ous  studies  examining  pathogenic  Salmonella  invasion  of 
intestinal  epithelial  cells  demonstrated  activation  of  the 
proinflammatory  gene  program  and  invasion  of  only  a 
minor  portion  of  the  cells  [10].  We  previously  demon¬ 
strated  that  NF-kB  is  as  potently  induced  in  pathogenic 
Salmonella  .sp  infected  cells  similar  to  those  treated  with 
the  proinflammatory  cytokines  that  are  potent  NF-kB 
activators  such  as  TNFa  and  IL-1  [3  and  that  this  activity 
was  IKK-mediated  [3].  Here  we  examined  how  bacterial 
invasion  of  only  a  third  of  the  cells  could  give  rise  to  NF- 
kB  activity  profiles  consistent  with  activation  of  NF-kB  in 
every  cell  such  as  the  profile  TNFa  stimulation  provides. 
We  found  that  bacterial  infection  activates  nuclear  trans¬ 
location  of  p65  (RelA)  in  nearly  all  of  the  intestinal  epi¬ 
thelial  cells  consistent  with  the  hypothesis  that  a  cell 
surface  receptor  was  recognizing  either  a  soluble  product 


that  bacteria  were  producing,  or  a  bacterial  product  on  the 
bacteria,  or  both.  We  examined  bacterial  culture  broths 
and  found  a  bacterial  product  that  was  protein  in  compo¬ 
sition  and  when  used  to  challenge  intestinal  epithelial 
cells  it  potently  activated  NF-kB  DNA  binding  activity 
(Fig.  2A).  We  further  purified  this  protein  by  gel  permea¬ 
tion  and  anion  exchange  chromatography  and  found  the 
protein  to  be  flagellin  by  electrospray  ion  trap  mass  spec¬ 
troscopy  (Fig.  2B  &2C  and  Fig.  3).  While  our  studies  were 
in  progress,  flagellin  was  identified  as  being  a  potent 
proinflammatory  mediator  leading  to  1L-8  production 
and  secretion  [16-18].  We  demonstrate  in  this  study  that 
flagellin  appears  to  be  exclusively  responsible  for 
activating  NF-kB  in  intestinal  epithelial  cells  since  flagel¬ 
lin  mutant  strains  do  not  activate  NF-kB  (Fig.  4)  nor  lead 
to  their  internalization  (Fig.  5B).  Furthermore,  flagellin 
challenge  of  intestinal  epithelial  cells  leads  to  p65  (RelA) 
nuclear  localization  in  nearly  all  of  the  treated  cells  (Fig. 
5B).  Transcription  factors  like  activator  protein  1  (AP-1) 
and  NF-kB,  which  are  key  regulators/activators  of  the 
proinflammatory  gene  program  [57,58]  are  activated  by 
engagement  of  the  MAPK,  SAPK  and  IKK  signaling  path¬ 
ways.  We  demonstrate  that  the  MAPK,  SAPK  and  IKK  sig¬ 
naling  pathways  activation  fails  to  occur  in  host  cells  by 
infection/exposure  to  Salmonella  strains  devoid  of  flagel¬ 
lin  or  products  in  the  culture  broths  derived  from  those 
mutant  Salmonella  strains  (Figs.  5A  and  6B).  We  also  dem¬ 
onstrate  here  that  combined  mutants  of  both  fliC  and  fljB 
exhibit  a  severe  lack  of  invasion  (104  less  than  wild-type) 
and  failure  to  activate  stress  response  signaling,  which  has 
not  been  revealed  previously.  It  is  likely  that  the  lack  of 
flagellin  production  interferes  with  the  functioning  of  the 
type  III  secretion  system  (TTSS)  although  flagellin  is  not 
known  to  effect  expression  of  TTSS-required  gene  prod¬ 
ucts.  This  hypothesis  seems  credible  since  supply  of  flag¬ 
ellin  or  bacterial  culture  components  from  wild-type 
Salmonella  cultures  in  trans  to  the  double  fliC  /fl  jB-  mutant 
bacteria  fails  to  compliment  their  lack  of  infectivity  in 
gentamycin  invsion  assays  (TT  &  JD,  unpublished  obser¬ 
vations  and  see  Fig.  5B).  In  fact,  we  found  the  abundance 
of  a  subset  of  Sip  and  Sop  proteins  (SipA  and  SopD) 
released  into  the  bacterial  culture  media  to  be  drastically 
reduced  in  the  flagellin  mutant  strains  used  here  (TT  &  JD, 
unpublished  observations).  These  two  proteins  have  not 
previously  been  identified  as  activators  of  NF-kB  nor  are 
they  considered  as  such  here. 

The  TTSS  translocates  the  Salmonella  invasion  proteins 
(Sips)  and  the  SopE  proteins  into  the  host  cell  initiating 
cytoskeletal  rearrangements  that  ultimately  lead  to  bacte¬ 
rial  internalization,  [1 1,12,41],  In  any  event,  it  is  clear  that 
purified  flagellin  activates  a  similar  cadre  of  proinflamma¬ 
tory  genes  as  does  infection  of  intestinal  epithelial  cells 
with  wild-type  flagellated  Salmonella.  The  temporal 
expression  pattern  of  these  genes  was  found  to  be 
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remarkably  similar  (Fig.  6C)  indicating  that  flagellin- 
mediated  temporal  activation  of  the  MAPK,  SAPK  and  IKK 
signaling  pathways  can  suffice  for  signaling  pathways  acti¬ 
vated  by  Sips  or  SopE  and  SopE2  and  largely  recapitulates 
the  temporal  activation  of  key  proinflammatory  genes  as 
does  infection  of  intestinal  epithelial  cells  with  wild-type 
flagellated  Salmonella. 

The  rapid,  and  potent  activation  of  the  MAPK,  SAPK  and 
IKK  signaling  pathways  by  flagellin  was  consistent  with 
and  indicative  of  the  activation  of  a  cell  surface  receptor. 
In  this  study  and  in  other  studies  TLR5  has  been  demon¬ 
strated  to  play  an  integral  role  in  the  recognition  of  flagel¬ 
lin  leading  to  activation  of  NF-kB  and  expression  of  the  IL- 
8  gene  (Fig.  6C)  [22,33],  Identification  of  TLR5  utilized 
transfection  ofTLRs  1-9  into  cell  lines  which  responded 
poorly  to  flagellin  (this  study)  or  not  at  all  [22,33]  and 
challenging  the  transfectants  with  flagellin  to  identify 
which  TLR  responded  to  this  PAMP.  Previous  studies  that 
identified  TLR5  as  the  receptor  for  flagellin  did  not  exam¬ 
ine  the  abundance  of  TLR5  in  these  cells  or  account  for  the 
lack  of  TLR5-mediated  signaling  in  response  to  flagellin 
[22,33].  We  demonstrate  here  that  cells  which  respond 
poorly  (HeLa  and  HEK293T)  or  not  at  all  (T98G)  contain 
TLR5  in  at  least  equivalent  abundance  as  HT29  cells  which 
are  highly  responsive  to  flagellin.  We  propose  at  least 
three  possibilities  to  account  for  this  discrepancy,  first, 
this  may  be  due  to  either  lack  of  TLR5  receptor  presence  at 
the  plasma  membrane  and  intracellular  localization; 
second,  inactivating  or  detrimental  mutations  in  the  TI.R5 
gene  in  these  cell  lines;  and  lastly,  lack  of  or  low  abun¬ 
dance  of  a  required  co-receptor  or  adapter  protein 
required  for  either  efficient  ligand  recognition  and/or  sig¬ 
naling.  These  possibilities  are  currently  being  investigated. 
We  favor  the  last  possibility  since  surface  biotinylation 
experiments  indicate  that  TLR5  is  present  on  the  cell  sur¬ 
face  in  both  flagellin  responding  cells  and  in  non¬ 
responders  mentioned  above  (data  not  shown).  Invoca¬ 
tion  of  the  second  hypothesis  would  require  inactivating 
mutations  be  present  in  three  different  cell  lines,  a  highly 
improbable  outcome. 

Flow  do  the  findings  presented  here  correlate  with  events 
during  a  "normal"  Salmonella  infection?  We  have 
indicated  in  this  study  that  defective  type  111  secretion  sys¬ 
tem  functioning  leads  to  loss  of  host  cell  infectivity  and 
underscores  the  importance  of  this  system  in  the  normal 
course  of  infection.  In  the  in  vivo  setting,  polarized  epithe¬ 
lial  cells  express  TLR5  on  the  basolateral  surface  [48]  and 
flagellin  can  only  reach  the  receptor  either  after  either 
breaching  the  tight  junction  barrier  by  physical  damage  or 
by  loosening  of  the  junctions  in  response  to  Sips  and  Sops 
delivered  into  the  intestinal  epithelial  cells  by  theTTSS  or 
by  delivery  of  flagellin  across  the  intestinal  epithelial  cell 
by  the  bacteria  itself  [17,59-61].  This  scenario  would 


imply  the  main  function  of  the  type  III  secretion  system 
would  be  to  trigger  stress  response  signaling  facilitating 
invasion  and  lead  to  loosening  the  tight  junctions  and 
result  in  flagellin/  flagellated  bacteria  to  passing  through 
the  junctions  and  infected  cells  allowing  access  the  baso¬ 
lateral  surface  and  then  systemic  dispersion.  TLR5  on  the 
basolateral  surface  of  the  intestinal  epithelial  cells,  in 
response  to  flagellin,  could  then  lead  to  activation  of  NF- 
kB  and  the  proinflammatory  gene  program  and  host  pro¬ 
tection.  This  model  is  consistent  with  activation  of  the 
proinflammatory  gene  program  observed  in  response  to 
flagellated  Salmonella  sp.  infection  in  many  reports  too 
numerous  to  cite  here  and  would  allow  the  innate  host 
defense  system  a  fail-safe  way  to  recognize  pathogen  expo¬ 
sure.  In  instances  where  infection  of  intestinal  epithelial 
cells  by  naturally  occurring  non-flagellated  Salmonella 
occurs,  a  strong  proinflammatory  response  would  not  ini¬ 
tially  be  presented  but  the  Salmonella  would  instead  lead 
to  systemic  infection  as  is  the  case  in  chickens  with  S. 
galinarum  and  S.  pollorum  and  result  in  typhoid-like  dis¬ 
ease  [62].  Infection  of  chicken  epithelial  cells  does  not 
lead  to  proinflammatory  gene  expression  by  these  non- 
flagellated  pathogens  but  does  when  infected  with  S.  typh- 
imurium  or  S.  dublin  [62]. 

Argument  for  the  existence  of  an  additional  TLR5  co¬ 
receptor/adapter  being  in  limited  abundance  or  absent 
might  be  in  evidence  from  the  transfection  results  pre¬ 
sented  in  Table  1  which  demonstrated  that  overexpression 
of  cell  surface  localized  FLAG-tagged  TLR5  only  resulted 
in  slightly  over  a  two-fold  increase  in  NF-kB  reporter  gene 
expression  in  response  to  flagellin.  If  only  TLR5  was 
required  for  activation  of  the  signaling  pathway  should 
not  a  much  more  robust  response  been  observed?  We 
have  also  used  DN-TLR5  transfections  and  NF-kB- 
dependent  reporter  gene  assays  or  overexpresssion  of  DN- 
TLR5  using  recombinant  adenoviruses  and  analysis  of 
resulting  NF-kB  DNA  binding  activity  in  response  to  fiag- 
ellin  to  examine  its  effectiveness  to  completely  inhibit 
TLR5-mediated  flagellin  activation  of  NF-kB.  We  have 
found  it  difficult  to  gain  more  than  a  fifty-percent  reduc¬ 
tion  in  either  reporter  gene  activation  or  NF-kB  DNA 
binding  activity  in  HT29  cells  (TT,  AD  &  JD,  unpublished 
observations).  These  results  suggest  that  the  resting  TLR5 
signaling  complex  may  be  quite  stable  as  has  recently 
been  suggested  [63].  Should  the  endogenous  TLR5  signal¬ 
ing  complex  be  extremely  stable  it  would  therefore  be 
expected  that  titration  of  a  required  pre-stimulus  bound 
adapter  or  co-receptor  away  would  be  inefficient  and  this 
is  what  we  have  observed.  Expression  of  a  DN-MAL 
(TIRAP),  a  MyD88-related  TLR  adapter  [64,65]  had  little 
to  no  effect  on  flagellin-mediated  NF-kB  activity  in  tran¬ 
sient  transfection  NF-kB  reporter  gene  assays  ('IT  &  JD, 
unpublished  observations).  Recently,  TLR5  has  been 
shown  to  bind  flagellin  [66-68]  and  that  this  is  likely  a 


Page  17  of  24 

(page  number  not  for  citation  purposes) 


BMC  Microbiology  2004, 4:33 


http://www.biomedcentral.com/147 1  -2180/4/33 


direct  interaction  due  to  failure  of  the  human  TLR5  to 
respond  to  a  purified  flagellin  derived  from  a  mouse-spe¬ 
cific  Salmonella  strain  |68].  These  observations  still  do  not 
preclude  the  existence  of  a  co-receptor  or  adapter  that  is 
critical  for  signal  transmission.  Detailed  biochemical 
characterization  of  the  TLR5  signaling  complex  will 
resolve  this  issue.  Mucl,  a  recently  described  flagellin 
interacting  membrane  protein  by  virtue  of  its  ability  to 
trigger  activation  of  the  MAPK  pathway  in  response  to 
flagellin  exposure  [55]  was  considered  a  viable  candidate 
for  such  a  co-receptor  but  our  observations  suggest  that  it 
can  not  serve  as  the  putative  TLR5  co-receptor  as  it  is 
expressed  at  similar  levels  in  flagellin  non-responding  cell 
lines  examined  here  as  it  is  in  A549  cells  which  respond 
strongly  to  flagellin  and  both  cell  line  types  express  simi¬ 
lar  levels  ofTLR5  (Fig.  9). 

Conclusion 

In  conclusion,  our  data  clearly  demonstrates  that  flagellin 
can  act  as  the  major  determinant  in  activating  key  stress 
response  signaling  pathways  and  proinflammatory  gene 
program  expression  in  a  temporal  and  qualitative  fashion 
as  observed  during  infection  of  intestinal  epithelial  cells 
by  wild-type  Salmonella  sp.  that  express  flagellin,  a  point 
that  was  not  well  established  until  this  study.  In  addition, 
expression  of  the  fli  C  gene  appears  to  play  an  important 
role  in  the  proper  functioning  of  the  TTSS  since  mutants 
that  fail  to  express  fli  C,  are  defective  in  expressing  a  subset 
of  Sip  proteins  and  fail  to  invade  host  cells.  Flagellin 
added  in  trans  cannot  restore  the  ability  of  the  fli  C  mutant 
bacteria  to  invade  intestinal  epithelial  cells.  Flagellin  is 
"sensed"  by  TLR5  and  in  response  propagates  signaling 
pathways  culminating  in  potent  proinflammatory  gene 
expression.  Interestingly  we  found  that  TLR5  is  expressed 
in  weakly  responding  and  also  in  some  flagellin  non¬ 
responding  cells,  293T,  HeLa  and  T98G  cells  respectively 
at  levels  similar  to  cells  such  as  HT29  and  A549  cells  that 
respond  strongly  to  flagellin  and  can  be  found  on  the  cell 
surface,  raising  a  strong  possibility  that  productive  TLR5 
signaling  may  require  an  additional  factor/adaptor  other 
than  those  already  known  to  be  key  in  the  IL-1  signaling 
pathway,  which  shares  extensive  similarities  to  the  TLRs 
signaling  pathways. 

Methods 

Materials 

Human  tumor  necrosis  factor  alpha  (TNFa)  and  human 
IL-1  were  purchased  from  R&D  Systems  (Minneapolis, 
MN).  Tris  [hydroxymethyl]aminomethane  (Tris)  was  pur¬ 
chased  from  Fisher  Scientific  (Fairlawn,  NJ).  Fetal  calf 
serum  was  purchased  from  US  Biotechnologies  Inc.  (Park- 
erford,  PA).  Para-nitro-phenylphosphate  (PNPP)  was  pur¬ 
chased  from  Aldrich  Chemical  (Milwaukee,  Wl).  The 
Polyacrylamide  gel  electrophoresis  (PAGE)  supplies:  acry¬ 
lamide,  bis-acrylamide,  sodium  dodecyl  sulfate  (SDS), 


TEMED,  and  ammonium  persulfate  were  purchased  from 
Bio-Rad  Laboratories  (Hercules,  CA).  Dulbecco's  modi¬ 
fied  essential  medium  (DMEM),  DMEM:F12,  phosphate 
buffered  saline  (PBS),  glutamine,  penicillin  G,  streptomy¬ 
cin,  amphotericin  B,  and  Grace's  Insect  medium  were  pur¬ 
chased  from  Invitrogen  (Carlsbad,  CA).  Luria  Broth  (LB) 
was  purchased  from  Becton  Dickson  and  Co  (Sparks, 
MD).  The  protease  inhibitors:  aprotinin,  bestatin,  leupep- 
tin,  pepstatin  A,  and  phenylmethylsuifonyl  fluoride 
(PMSF)  were  purchased  from  Cal  Biochem  (la  Jolla,  CA). 
Protease  inhibitor  cocktail  contained  10  pg/ml  aprotinin, 
2.5  ug/ m  1  leupeptin,  8.3  pg/ml  bestatin,  and  1.7  pg/ml 
pepstatin  A.  Phorbol  12-myristate  13  acetate  (PMA),  N-[2- 
hydroxyethyl]piperazine-N'-[2-ethanesuifonic  acid] 
(Hepes),  anisomycin,  and  2-[N-morpholino]ethanesul- 
fonic  acid  (MES)  were  purchased  from  Sigma  Chemical 
(St.  Louis,  MO).  All  other  reagents  were  purchased  from 
Sigma  Chemical  or  Fisher  Scientific  unless  stated 
otherwise. 

Cell  culture 

HT29  human  intestinal  (colorectal  adenocarcinoma)  epi¬ 
thelial  cells  (ATCC  HTB-38),  HeLa  cervical  epithelial  ade- 
nocarcoma  cells  (ATCC  CCL-2),  293T  kidney  cells  (CRL- 
11268),  A549  lung  carcinoma  cells  (ATCC-185),  and 
T98G  glioblastoma  cells  (ATCC  CRI.-1690)  were  cultured 
in  DMEM  with  2  mM  glutamine,  10%  Fetal  Calf  Serum, 
100  Units/ml  Penicillin  G,  and  100  pg/ml  Streptomycin 
at  37° C  in  a  humidified  5%  C02  atmosphere.  T84  color¬ 
ectal  carcinoma  cells  (ATCC  CCL-248)  were  cultured  in 
DMEM:F12  with  2  mM  glutamine,  5%  Fetal  Calf  Serum, 
100  Units/ml  Penicillin  G,  and  100  pg/rnl  Streptomycin 
at  37 °C  in  a  humidified  5%  C02  atmosphere.  H5  insea 
cells  (Invitrogen)  were  cultured  in  Grace's  medium  with  2 
mM  glutamine,  10%  Fetal  Calf  Serum,  100  Units/ml  Pen¬ 
icillin  G,  100  (ig/ml  Streptomycin,  and  0.25  pg/ml 
amphotericin  B  at  28°C.  MyD88/-  &  TI.R2-/-/TLR4-/- dou¬ 
ble  knockout  cells  were  obtained  from  Shizuo  Akira  and 
Osamu  Takeuchi  (Univ.  of  Osaka,  Japan)  and  grown  in 
DMEM  with  2  mM  glutamine,  10%  Fetal  Calf  Serum,  100 
Units/ml  Penicillin  G,  and  100  pg/mi  Streptomycin  at 
37 °C  in  a  humidified  5%  C02  atmosphere. 

Bacterial  strains 

Salmonella  typhimurium  strain  SJW1103  (FliC,  phase  1 
flagellin,  stabilized)  [69)  is  a  wild-type  Salmonella  typhimu¬ 
rium  and  can  only  express  the  Phase  1  fliC  flagellin,  SJW86 
(SJW1103  FliC::TN10),  and  SJW134  (SJW1103  FliC  and 
FljB  deletions)  were  obtained  from  Robert  Macnab  (Yale 
Univ.,  Conn)  and  have  been  described  [70].  Salmonella 
serovar  dublin  strain  2229,  strain  SE1  (2229  SopE 
mutant),  strain  SB2  (2229  SopB  mutant),  and  SE1SB2 
(2229  SopE  and  SopB  mutant)  were  obtained  from 
Edward  Galyov  (Compton  Laboratory,  Berkshire,  UK) 
and  have  been  described  [14,15].  Salmonella  strains  for 
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stimulation  were  grown  in  LB  at  37 °C  without  agitation 
for  16  hours,  centrifuged  at  6,000  x  g  for  1  minute,  gently 
washed  with  PBS,  and  gently  suspended  in  DMEM  to 
maintain  cells  with  attached  flagella. 

Plasmid  pFMlO.l  (ampicillin  resistance),  encodes  a  green 
fluorescent  protein  (GFP)  expressed  after  the  Salmonella 
host  is  internalized  by  mammalian  cells,  obtained  from 
Stanley  Falkow  (Stanford  Univ.,  Stanford,  CA)  [10,34] 
and  was  transformed  into  strains  SJW1103  and  SJW134 
by  electroporation.  Strains  containing  pFMlO.l  were  des¬ 
ignated  SJW1 103G  and  S1W134G. 

Preparation  and  analysis  of  Salmonella  cell  free  culture 
supernatant 

Native  flagellin  was  harvested  from  S.  dublin  2229  or  S. 
typhimurium  SJW1103.  Starter  cultures  were  grown  in 
luria  broth  (LB)  for  18  hours  at  37°C  with  aeration, 
diluted  1:5000  in  fresh  LB,  and  grown  for  12  hours  under 
the  same  conditions.  All  subsequent  procedures  were  per¬ 
formed  at  4  °C.  Cells  were  removed  from  the  medium  by 
centrifugation  at  10,000  x  g  for  5  min  and  discarded.  The 
supernatant  containing  flagellin  was  filtered  through  a  0.8 
micron  filter  (Millipore,  Bedford,  MA)  to  remove  residual 
cells.  Supernatant  was  concentrated  100  fold  using  an 
Amicon  100  kiloDalton  (kDa)  cutoff  membrane  (Milli¬ 
pore).  Initial  studies  used  concentrated  culture  superna¬ 
tant  from  S.  dublin  strain  2229  that  was  treated  with 
DNase,  RNase,  Protease  K,  boiled  for  20  min  or  100  mM 
DTT  at  37  °C  for  2  hours  and  used  for  stimulation  of  cul¬ 
tured  cells. 

Concentrated  S.  typhimurium  1103  bacterial  culture  super¬ 
natant  was  washed  4  times  by  1:10  dilution  with  50  mM 
MES,  pH  6.0,  50  mM  NaCl  and  re-concentrated.  Material 
not  retained  by  the  100  kDa  membrane  was  discarded. 
Washed  culture  supernatant  was  fractionated  by  gel  per¬ 
meation  or  anion  exchange  chromatography  for  analysis. 
For  long-term  storage,  washed  culture  supernatant  was 
supplemented  with  protease  cocktail  and  stored  at  -20  °C. 

Fractionation  by  gel  permeation  chromatography  was  per¬ 
formed  with  a  Superose  12HR  column  (Pharmacia)  on  a 
Bio-Logic  system  (Bio-Rad).  One-half  mililiter  of  100x 
washed  supernatant  (equivalent  of  50  ml  original  culture 
supernatant)  was  separated  on  the  column  at  0.4  ml/ 
minute  in  50  mM  Hepes,  pH  7.4,  200  mM  NaCl.  Fractions 
(0.5  ml)  were  collected,  and  50  pi  was  fractionated  by 
SDS-PAGE  and  stained  with  Bio-Safe  Coomassie  (Bio- 
Rad).  Thirty  microliters  of  each  fraction  was  used  for  stim¬ 
ulation  of  HT29  cells  (60  mm  dishes)  for  45  min  and  NF- 
kB  DNA  binding  activity  in  the  resulting  whole  cell 
extracts  extracts  were  assayed  by  EMSA.  The  column  was 
standardized  with  catalase  (232  kDa),  aldolase  (158 
kDa),  abumin  (67  kDa),  ovalbumin  (43  kDa),  and 


Chymotripsinogen  A  (25  kDa),  all  obtained  from 
Amersham-Pharmacia. 

Fractionation  by  anion  exchange  chromatography  was 
performed  with  Poros  HQ  matrix  (2  ml  column,  PerSep- 
tive  Biosysteins,  Farmingham,  MA)  on  a  Bio-Logic  system. 
Five  mililiters  of  100  x  washed  supernatant  (equivalent  of 
500  ml  original  culture  supernatant)  was  separated  at  1 
ml/minute  in  50  mM  Hepes,  pH  7.4,  and  a  NaCl  gradient 
from  50-500  mM.  Fractions  were  collected  and  5  pi  of 
each  fraction  was  examined  by  10%  SDS-PAGE.  Proteins 
were  fractionated  on  duplicate  10%  SDS-PAGE  precast 
gels  (BioRad).  One  gel  was  stained  with  Bio-Safe 
Coomassie  (Bio-Rad)  and  the  protein  bands  were  isolated 
for  Mass  Spectroscopy  analysis  (CCF  Mass  spectroscopy 
core  facility)  from  the  other  identical  non-stained  gel,  by 
electro-elution  with  a  whole  gel  eluter  (Bio-Rad)  and  SDS 
was  removed  with  SDS-Out  (Pierce,  Rockland,  IL)  per  the 
manufacturers  directions.  Proteins  isolated  from  bands  B 1 
to  B6  were  acetone  precipitated  by  addition  of  20  pg  Apro- 
tinin  and  5  pg  of  BSA  to  each  eluted  fraction,  ice-cold  ace¬ 
tone  (-20 °C)  was  added  to  80%,  mixed  well  and 
precipitated  overnight  at  -20  °C.  Proteins  were  pelleted  by 
centrifugation  at  14,000  x  g  in  the  cold  for  30  min,  ace¬ 
tone/liquid  was  removed  and  the  pellets  washed  2x  with 
1  ml  acetone  (-20°C).  After  removal  of  the  acetone,  pro¬ 
tein  pellets  were  air  dried  and  then  resuspended  and  dena¬ 
tured  in  5  pi  of  6  M  guanidinium  hydrochloride  (Gu-HCl) 
at  room  temperature  for  30  min.  Resuspended  proteins 
were  two-fold  serially  diluted  in  DMEM  to  a  final  Gu-HCl 
concentration  of  55  mM  to  renature  the  proteins.  Two 
hundred  fifty  microliters  of  individual  renatured  proteins/ 
DMEM  were  added  per  ml  to  HT29  cells  (60  mm  dishes) 
and  whole  cell  extracts  were  prepared  45  min  after  stimu¬ 
lation  and  were  assayed  for  NF-kB  DNA  binding  activity 
by  EMSA. 

Purification  of  flagellin  (purified  flagellin) 

The  washed  and  concentrated  culture  supernatant  from  S. 
t)'phimurium  1 103  containing  flagellin  was  boiled  for  20 
minutes  and  precipitants  removed  by  centrifugation  at 
15,000  x  g.  The  supernatant  containing  flagellin  was 
diluted  1:2  with  50  mM  MES,  pH  6.0,  50  mM  NaCl  and 
mixed  with  2  ml  Poros  SP  cation  exchange  matrix  (PerSep- 
tive  Biosystems)  per  1  liter  of  original  culture.  The  Poros 
SP  matrix  was  prepared  as  a  50%  slurry  and  equilibrated 
with  50  mM  MES,  pH  6.0.  The  flagellin  preparation  and 
matrix  were  mixed  on  a  roller  at  1 2  to  1 4  RPM  for  2  hours. 
The  matrix  along  with  bound  contaminants  was  removed 
by  filtration  through  a  0.85  micron  filter  and  discarded, 
flagellin  failed  to  bind  to  the  cation  exchange  matrix  at  pH 
6.0  and  eluted  in  the  flowthrough  and  was  collected. 

The  pH  of  the  flowthrough  was  adjusted  by  five-fold  dilu¬ 
tion  of  the  sample  with  50  mM  Hepes,  pH  7.8,  50  mM 


Page  19  of  24 

(page  number  not  for  citation  purposes) 


BMC  Microbiology  2004,  4:33 


http://www.biomedcentral.eom/1471-2180/4/33 


NaCl,  and  loaded  onto  a  Poros  HQ  anion  exchange  col¬ 
umn  (2  ml  column,  PerSeptive  Biosystems)  equilibrated 
with  50  mM  Hepes,  pH  7.4,  50  mM  NaCl.  The  column 
was  washed  with  2  volumes  50  mM  Hepes,  pH,  7.4,  50 
mM  NaCl,  and  eluted  with  a  10  column  volume  linear 
gradient  of  50-500  mM  NaCl  in  50  mM  Hepes,  pH  7.4. 
Flagellin  eluted  from  the  column  between  200-275  mM 
NaCl.  Fractions  containing  flagellin  were  pooled  and  con¬ 
centrated.  The  preparation  was  determined  to  be  pure  by 
electrophoresis  of  5  gg  protein  by  SDS-PAGE  and  stained 
with  Bio-Safe  Coomassie  (Bio-Rad).  Samples  were  stored 
at  -80°C  in  50  mM  Hepes,  pH  7.4,  approx  225  mM  NaCl, 
10%  glycerol  and  protease  cocktail.  A  4  liter  preparation 
of  culture  supernatant  yielded  2  mg  purified  flagellin. 

In-gel  tryptic  digestion  and  protein  identification  by  LC- 
MS 

Gels  were  fixed  and  stained  (Bio-Safe  Blue,  BioRad).  All  of 
the  following  procedures  were  performed  by  the  CCF 
Mass  spectroscopy  core  facility.  Excised  gel  bands  were 
reduced  (100  mM  DTT),  and  alkylated  (100  mM  iodoa- 
cetamide).  Proteins  in  the  gel  bands  were  digested  with 
modified  trypsin  (Promega,  20  pg/mL)  with  an  overnight 
incubation  at  37  °C.  Tryptic  peptides  were  extracted  from 
the  gel  with  50%  acetonitrile,  0.1%  acetic  acid,  concen¬ 
trated  in  a  SpeedVac  (Thermo  Savant)  to  remove  ace¬ 
tonitrile,  and  reconstituted  to  20  uL  with  0. 1  %  acetic  acid. 
Extracted  peptides  were  subjected  to  reversed  phase  (50 
uM  ID  packed  with  Phenomenex  Jupiter  Cl 8,  6  cm 
capillary  column)  liquid  chromatography  (2%-70%  sol¬ 
vent  B;  Solvent  A,  50  mM  acetic  acid,  aqueous,  Solvent  B 
acetonitrile),  coupled  to  a  Finnigan  LCQ  DECA  ion  trap 
mass  spectrometer  for  peptide  sequencing,  as  described 
[38]. 

Preparation  of  GST-lxBa  1-54  and  GST-c)UN  1-79  kinase 
substrates 

IkBcx  amino  acids  1  to  54  fused  to  GST  or  cJUN  amino 
acids  1-79  fused  to  GST  were  prepared  as  previously 
described  [37-39]  and  stored  in  kinase  buffer  (20  mM 
Hepes,  pH  7.6,  10  MM  MgCl2,  10  mM  NaCl,  2  mM  beta- 
glycerophosphate,  10  mM  PNPP). 

Preparation  of  cells  for  microscopy 

HT29  cells  for  microscopic  examination  were  grown  in  6 
well  plates  on  sterile  cover  slips  to  a  density  of  50-75%. 
Cells  were  stimulated  as  described  above.  After  stimula 
tion,  cover  slips  with  HT29  cells  were  washed  2  times  with 
ice  cold  PBS  and  fixed  with  4%  w/v  formalin  at  room  tem¬ 
perature  for  20  minutes.  Cells  were  washed  4  times  with 
PBS  prior  to  mounting  for  visualization  of  Salmonella 
invasion.  Cover  slips  were  mounted  with  Vectashield 
mounting  medium  with  DAPI  (Vector  Laboratories,  Burl¬ 
ingame,  CA),  and  cover  slips  sealed  to  slides. 


Cells  for  antibody  staining  were  treated  with  absolute 
methanol  for  20  minutes  following  formalin  fixation, 
then  washed  3  times  with  PBS  supplemented  with  0.1% 
BSA  (PBSB)  and  used  directly  or  stored  in  the  cold  after 
azide  was  added  to  0.02%.  For  p65(RelA)  localization, 
cells  on  coverslips  were  blocked  for  1  h  at  37 °C  with  PBS 
supplemented  with  1%  BSA.  The  PBSB  was  removed, 
washed  once  with  PBSB  and  coverslips  were  placed  cell- 
side  down  onto  150  pi  of  p65  antibody  (Zymed,  South 
San  Francisco,  CA)  diluted  1:1500  in  PBSB  on  a  square  of 
parafilm  and  placed  in  a  humidified  chamber  at  37 °C  for 
1.5  h.  Coverslips  were  removed  and  placed  cell-side  up  in 
6-well  dishes  and  washed  3x5  min  with  PBSB.  Coverslips 
were  then  removed  and  placed  cell-side  down  onto  1 50  pi 
of  FITC-labeled  donkey  anti-rabbit  secondary  antibody 
(Jackson  lmmunoresearch  Laboratories,  West  Grove,  PA) 
(1:300  in  PBSB)  on  a  square  of  parafilm  and  placed  in  a 
humidified  chamber  at  37°C  for  1.5  h.  Coverslips  were 
removed  and  placed  cell-side  up  in  6-well  dishes  and 
washed  5x5  min  with  PBSB,  removed  and  placed  cell- 
side  down  onto  slides  mounted  with  Vectashield  (Vector 
Laboratories,  Burlingame,  CA)  with  DAPI  and  then 
sealed.  NF-kB  localization  was  determined  by  indirect 
immunofluorescence.  Samples  were  observed  on  a  Leica 
DMR  upright  microscope  (Leica  Microsystems  Inc.,  Hei¬ 
delberg,  Germany)  at  400x  with  oil  immersion  and 
equipped  with  FITC  and  UV  filters.  Images  were  collected 
with  a  MicroMax  RS  camera  (Princeton  Instruments  Inc., 
Princeton,  NJ),  and  Image  Pro  plus,  version  4.5,  software 
(Media  Cybermetics  Inc.,  Carlsbad,  CA).  Color 
enhancements  were  performed  with  Image  Pro  plus  soft¬ 
ware.  Visible  light  plus  color  overlays  for  Fig.  1  and  Fig.  5B 
were  performed  with  MetaMorph  Software  (Universal 
Imaging  Corp.,  Downington,  PA). 

Bacterial  infection  and  cell  stimulation 

Mouse  embryo  fibroblasts  (MEFs)  or  ITT29  cells  were 
grown  in  DMEM  as  above  to  a  density  of  90%  prior  to 
stimulation.  All  cells  were  washed  with  warm  PBS  and 
supplemented  with  DMEM  without  serum  or  antibiotics 
in  preparation  for  stimulation.  Cells  were  stimulated 
with;  10  ng/ml  TNFa,  1  ug/ml  flagellin  unless  specified 
otherwise,  20  pg/ml  Anisomycin,  12.5  ng/ml  PMA,  or  10s 
Salmonella/ ml  at  37 °C  for  desired  times  and  extracts  pre¬ 
pared  as  below.  Cells  harvested  beyond  one  hour  were 
washed  with  warm  PBS  and  supplemented  with  warm 
DMEM,  2  mM  glutamine,  and  200  ug/ml  gentamycin 
after  1  hour  and  returned  to  37°C  until  extract  prepara¬ 
tion  desired. 

Whole  cell  extract  preparation 

Cells  were  washed  with  ice-cold  PBS  and  all  subsequent 
steps  carried  out  at  4°C  or  on  ice.  Cells  were  scraped  from 
the  dish  in  ice-cold  PBS,  and  collected  by  centrifugation  at 
1000  x  g  for  1  minute.  Cells  were  lysed  by  suspension  in 
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50  mM  Tris-HCl,  pH  7.6,  400  mM  NaCl,  25  mM  beta-glyc¬ 
erol  phosphate,  25  mM  NaF,  10  mM  PNPP,  10  %  glycerol, 
0.5  mM  sodium  orthovanadate,  0.5%  nonidet-40  (NP- 
40),  5  mM  benzamidine,  2.5  mM  metabisulfite,  1  mM 
PMSF,  1  mM  DTT  and  protease  inhibitor  cocktail  as 
described  [3], 

Electromobility  shift  assays  (EMSA) 

NF-kB  DNA  binding  assays  were  carried  out  as  previously 
described  13,35,38].  Anti-p65  antibody  (Zymed,  South 
San  Francisco),  anti-p50  antibody  (Santa  Cruz  Biotech¬ 
nologies,  Santa  Cruz,  CA),  and  anti-STAT3  antibody 
(Santa  Cruz)  were  used  for  EMSA  supershifts. 

Invasion  assay 

HT29  cells,  90-95%  confluent  in  35  mm  round  dishes, 
were  prepared  for  stimulation  as  above  and  treated  with  a 
1  ml  suspension  of  Salmonella  SJW1 103  or  SJW134  or  left 
untreated  in  triplicate  as  above.  After  one  hour,  HT29  cells 
were  washed  4x  with  warm  PBS,  supplemented  with 
warm  DMEM,  2  mM  glutamine,  and  200  pg/ml  gentamy- 
cin,  and  incubated  at  37 °C  for  4  hours.  Cells  were  then 
harvested  as  above  and  lysed  by  suspension  in  1  ml  sterile 
distilled  water.  Ten-fold  serial  dilutions  were  prepared  in 
PBS  and  100  pi  of  each  dilution  was  plated  on  LB  agar 
plates  and  grown  at  37°C  for  20  hours.  Colonies  were 
counted  and  averaged. 

Kinase  assays 

Whole  cell  extracts  (250  pg)  were  supplemented  with  150 
pi  of  Buffer  A  (20  mM  Hepes,  pH  7.9,  20  mM  beta-glycer¬ 
ophosphate,  10  mM  NaF,  0.1  mM  orthovanadate,  5  mM 
PNPP,  10  mM  2-mercaptoethanol,  0.5  mM  PMSF,  and 
protease  inhibitor  cocktail),  and  immuno  precipitation 
kinase  assays  carried  out  as  described  [3]  using  either 
IKKa  monoclonal  antibody  (PharMingen  -  Becton  Dick¬ 
son),  anti-JNKl  (Santa  Cruz  Biotechnologies,  Santa  Cruz, 
CA),  or  anti-hemagglutinin  (HA)  epitope  antibody 
(Covence  Antibodies,  Princeton,  NJ)  as  indicated.  Protein 
G  immunopellets  were  collected  by  centrifugation  at  500 
x  g  for  30  sec,  washed  3  times  with  Buffer  B  (Buffer  A  plus 
250  mM  NaCl),  and  one  time  with  Buffer  C  (Buffer  A  plus 
50  mM  NaCl  and  10  mM  MgCl2).  Immunopellets  were 
resuspended  in  30  pi  Kinase  buffer  with  0.1  mM 
orthovanadate,  50  pM  "cold"  ATP,  5  pCi  y-32P-ATP,  2  mM 
D'lT,  and  2  pg  of  soluble  GST-1kBc(  1-54  or  GST-cJUNl- 
79,  and  incubated  at  30°C  for  30  minutes.  Reactions  were 
stopped  by  the  addition  of  15  pi  4x  SDS-PAGE  loading 
buffer,  heated  at  95°  C  for  5  minutes,  and  resolved  on 
10%  SDS-PAGE  gels  by  standard  procedures.  Gels  were 
rinsed,  stained  with  Bio-Safe  Coomassie  (Bio-Rad)  to  vis¬ 
ualize  protein  bands,  rinsed,  photographed  then  dried 
and  exposed  to  Kodak  X-OMAT  AR  film  (Eastman  Kodak 
Co.,  Rochester,  NY)  to  detect  substrate  phosphorylation. 


Immunoblotting 

Protein  samples  (40  pg)  were  resolved  by  SDS-PAGE  on  a 
10%  acrylamide  gels  by  standard  procedures,  and  proteins 
transferred  to  PVDF  membrane  (Millipore)  and  probed 
with  antibodies  as  described  [3],  Membranes  were  washed 
3x  briefly  with  TBST,  incubated  with  a  1:1000  dilution 
(1:800  for  anti-TLR5)  of  the  primary  antibody  in  TBST, 
1%  non-fat  milk  for  1  hour,  washed  3x5  min  with  TBST, 
and  then  incubated  with  a  1 :2000  dilution  of  the  appro¬ 
priate  HRP-conjugated  secondary  antibody  in  TBST,  0.5% 
non-fat  milk  for  1  hour.  Primary  antibodies  used  were: 
anti-lKKa/[3  (H-470,  Santa  Cruz),  anti-JNKl,  anti-ERK2 
(K-23,  Santa  Cruz),  anti-phospho-ERK  (E-4,  Santa  Cruz), 
anti-p38MAPK  (Cell  Signaling  Technologies,  Beverly, 
MA),  anti-phosopho-p38MAPK  (Cell  Signaling),  anti- 
TLR5  (H-127,  Santa  Cruz),  anti-mucl  (H-295,  Santa 
Cruz)  and  anti-actin  (C- 11,  Santa  Cruz).  Secondary  anti¬ 
bodies  used  were:  anti-mouse  IgG  HRP  conjugate  (Amer- 
sham-Pharmacia),  anti-rabbit  IgG  HRP  conjugate 
(Amersham-Pharmacia),  anti-goat  IgG-HRP  conjugate 
(Santa  Cruz).  HRP  activity  was  detected  by  ECL  (Amer¬ 
sham-Pharmacia)  as  per  manufacturers  instructions,  on 
Kodak  X-OMAT  AR  film. 

Construction  of  dominant-negative  TLRs 

All  DN-TLRs  were  constructed  using  PCR.  The  universal  5’ 
primer  consisted  of  a  5'KPN  I  restriction  site  followed  by 
sequences  encoding  the  kozak  sequence,  translational 
start  site,  and  preprotrypsin  leader  sequence  of  pCMV-1 
(Sigma)  that  all  the  wild-type  TLRs  were  initially  cloned 
into.  The  3'  anti-sense  (AS)  primers  were  human  TLRgene- 
specifk  primers  (sequences  available  upon  request)  that 
created  a  stop  codon  immediately  after  a  conserved  tryp¬ 
tophan  in  Box  9  of  the  TLRTIR  homology  domain  accord¬ 
ing  to  Bazan  (71],  thus  creating  carboxy  terminus 
deletions.  The  5‘  end  of  the  AS  primer  contained  a  number 
of  convenient  restriction  sites  to  allow  directional  cloning. 
PCR  was  performed  with  turbo-Pfii  polymerase  (Strata- 
gene.  La  Jolla,  CA)  using  standard  procedures  on  individ¬ 
ual  wild-type  TLR  pCMV-1  plasmid  DNAs  (5  ng  each, 
kind  gifts  of  R.  Medzhitov,  Yale  Univ.  and  R.  Ulevitch, 
TSR1)  |48,49]  with  the  150  ng  each  of  the  universal  5' 
sense  primer  and  individual  gene-specific  TLR  3'  primers. 
PCR  products  were  deaned-up  with  PCR  cleanup  kit  (Qia- 
gen,  Germany)  digested  with  appropriate  restriction 
enzymes,  gel  purified  and  then  ligated  into  the  mamma¬ 
lian  expression  vector  pCDNA3.1  (Invitrogen).  Positive 
clones  were  sequenced  to  verify  the  mutations  and  tested 
for  expression  in  transient  expression  assays  and  detected 
on  immunoblots  by  probing  with  anti-FLAG  M2  mono¬ 
clonal  antibody  (Sigma).  All  wild-type  and  DN-TLR  alle¬ 
les  are  amino  terminus  FLAG  epitope-tagged. 
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Transfections 

HT29  cells  were  transfected  with  Lipofectamine  Plus  (Inv¬ 
itrogen)  as  previously  described  [3],  In  transfections  mon¬ 
itoring  reporter  gene  expression,  transfections  were 
performed  at  least  three  times  in  6  well  dishes  in  triplicate 
with  the  total  DNA  mass  kept  constant  at  4  pg  (2  pg  effec¬ 
tor  plasmid  DNA,  100  ng  2*  NF-kB  Luc  reporter  gene,  50 
ng  pRL-TK,  a  thymidine  kinase  promoter  driven  Renilla 
luciferase  normalization  reporter  and  1.85  pg  pCDNA3.1 
plasmid  DNA  as  bulk  filler  DNA)  and  fire-fly  luciferase 
expression  was  normalized  to  Renilla  luciferase  expression 
using  the  dual-luciferase  assay  (Promega,  Madison,  Wl). 
Fold  inductions  were  calculated  and  values  between 
experiments  did  not  vary  more  than  15%,  a  representative 
experiment  is  presented.  Transfection  of  293T  cells  was 
performed  with  lipofectamine  2000  (Invitrogen)  in  6-well 
dishes  in  triplicate  as  per  the  manufacture's  protocol.  TLR 
expression  plasmids  were  added  at  2  pg/well,  and  NF-kB 
and  normalization  control  plasmids  were  as  above  with 
HT29  cells  and  pCDNA3.1  plasmid  DNA  as  bulk  filler 
DNA  to  a  final  DNA  mass  of  4  pg/well.  Fold  inductions 
were  calculated  and  values  between  experiments  (N  of  3) 
did  not  vary  more  than  10%,  a  representative  experiment 
is  presented. 

Real  Reverse  Transcription  and  Real  Time  PCR  (RVPCR) 

Cells  (N  =  3)  were  stimulated  3  hours  at  37 °C  with  TNFa 
or  FliC  or  left  untreated  and  harvested  for  total  RNA  isola¬ 
tion.  Total  cellular  RNA  was  extracted  from  cells  with  Tri- 
zol  reagent  (Invitrogen)  [3]  and  reverse  transcribed  with 
ReactionReady  first  strand  cDNA  synthesis  kit  (SuperArray 
Bioscience  Corp.,  Fredrick,  MD).  RNA  (2.5  ug  per  20  ul 
reaction)  was  reverse  transcribed  using  random  primers 
and  Moloney  murine  leukemia  virus  reverse  transcriptase 
per  manufacturer  specified  conditions.  Controls  without 
reverse  transcriptase  (minus  RT)  was  also  generated  for 
each  RNA  sample.  RT2PCR  was  performed  with  an  iCycler 
(Bio-Rad)  to  quantify  TLR  1  through  TLR  10  mRNA,  18S 
rRNA,  and  GAPDH  mRNA.  R-PPCR  (25  ul  reaction  vol¬ 
ume)  was  performed  with  the  appropriate  primers  (Super- 
Array)  per  manufacturers  instructions  in  triplicate  with 
HotStart  Taq  DNA  polymerase  (SuperArray)  at  95  °C  for 
15  min  to  activate  Taq  and  amplified  for  40  cycles  (95  °C, 
30  sec,  55  °C,  30  sec,  72  °C,  30  sec).  RPPCR  was  per¬ 
formed  on  the  minus  RT  controls  with  TLR5  primers  to 
detect  DNA  contamination.  Real-time  PCR  analysis  was 
performed  using  SYBR-green  (Perkin-Elmer)  according  to 
manufacture's  instructions  with  the  specific  primer  pairs 
indicated  above  and  primer  pairs  for  1 8S  ribosomal  RNA 
as  reference  RNA  (Classic  1 8S  primer  pairs  -  Ambion  Inc). 
Cycle  time  (Ct)  was  measured  using  the  iCycler™  and  its 
associated  software  (Bio-Rad).  Relative  transcript  quanti¬ 
ties  were  calculated  by  the  AACt  method  using  18S  ribos¬ 
omal  RNA  as  a  reference  amplified  from  samples  using  the 
Classic  18S  primer  pairs  from  Ambion,  Inc  (Austin,  TX). 


Normalized  samples  were  then  expressed  relative  to  the 
average  ACt  value  for  untreated  controls  to  obtain  relative 
fold-change  in  expression  levels.  Fold  change  in  mRNA 
expression  was  expressed  as  2AACt.  ACt  is  the  difference  in 
threshold  cycles  for  the  TLR  mRNAs  and  18S  rRNA.  AACt 
is  the  difference  between  ACt  non-simulated  control  and 
ACt  stimulated  sample.  Values  for  fold-induction  varied 
less  than  5%  among  replicates. 

Abbreviations 

The  abbreviations  used  are:  FBS,  fetal  bovine  serum;  IL-1, 
interlukin- 1,  SDS,  sodium  dodecyl  sulfate;  PAGE,  polyacr¬ 
ylamide  gel  electrophoresis;  EMSA,  electromobility  shift 
assay;  IB,  immunobiot;  KA,  kinase  assay;  GST,  glutathione 
S-transferase;  PBS,  phosphate-buffered  saline;  TNFa, 
tumor  necrosis  factor  a;  NF-kB,  nuclear  factor  kappa  B; 
IKK,  Ikappa  B  kinase;  IkB,  Ikappa  B;  PCR,  polymerase 
chain  assay;  RT-PCR,  reverse  transcription  polymerase 
chain  assay;  Gu-HCl,  guanidinium  hydrochloride ;  MAPK, 
mitogen  activated  protein  kinase;  SAPK,  stress-activated 
protein  kinase;  ERK,  extracellular  regulated  kinase;  TLR, 
toll-like  receptor;  DN,  dominant-negative;  JNK,  Jun  N-ter- 
minal  kinase;  AP-1,  activator  protein-1;  MEF,  mouse 
embryo  fibroblast;  WCE,  whole  cell  extract;  IEC,  intestinal 
epithelial  cell;  MCP1,  macrophage  chemoattractant  pro¬ 
tein  1;  TTSS,  type  III  secretion  system;  Sip,  Salmonella  inva¬ 
sion  protein;  PMA,  phorbol  12-myristate  13  acetate; 
PNPP,  para  nitrophenyl  phosphate;  TK,  thymidine  kinase; 
BF,  bright  field;  NP-40,  nonidet-40;  NRS,  normal  rabbit 
serum;  IN,  input;  Ct,  cycle  time. 
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Zheng,  Shuo,  Weiling  Xu,  Santanu  Bose,  Amiya  K,  Banerjee,  S. 
Jaharul  Haque,  and  Serpil  C.  Erzurum.  Impaired  nitric  oxide 
synthase-2  signaling  pathway  in  cystic  fibrosis  airway  epithelium. 
Am  J  Physiol  Lung  Cell  Mol  Physiol  287:  L374-L381,  2004.  First 
published  April  23,  2004;  10.1 152/ajplung.00039.2004.— Cystic  fi¬ 
brosis  (CF)  airway  epithelial  cells  are  more  susceptible  to  viral 
infection  due  to  impairment  of  the  innate  host  defense  pathway  of 
nitric  oxide  (NO).  NO  synthase-2  (NOS2)  expression  is  absent,  and 
signal  transducer  and  activator  of  transcription  (ST AT)  1  activation  is 
reduced  in  CF.  We  hypothesized  that  the  IFN-y  signaling  pathway, 
which  leads  to  NOS2  gene  induction  in  CF  airway  epithelial  cells,  is 
defective.  In  contrast  to  a  lack  of  NOS2  induction,  the  major  histo¬ 
compatibility  complex  class  2,  an  IFN-y-regulated  delayed-responsive 
gene,  is  similarly  induced  in  CF  and  non-CF  airway  epithelial  (NL) 
cells,  suggesting  an  NOS2-specific  defect  in  the  IFN-y  signaling 
pathway.  ST  ATI  and  activator  protein- 1,  both  required  for  NOS2 
gene  expression,  interact  normally  in  CF  cells.  Protein  inhibitor  of 
activated  ST  ATI  is  not  increased  in  CF  cells.  IFN-y  induces  NOS2 
expression  in  airway  epithelial  cells  through  an  autocrine  mechanism 
involving  synthesis  and  secretion  of  IFN-y-inducible  mediators), 
which  activates  STATE  Here,  CF  cells  secrete  IFN-y-inducible  fac¬ 
tors),  which  stimulate  NOS2  expression  in  NL  cells,  but  not  in  CF 
cells.  In  contrast,  IFN-y-inducible  factor(s)  similarly  inhibit  virus  in 
CF  and  NL  cells.  Thus  autocrine  activation  of  NOS2  is  defective  in 
CF  cells,  but  IFN-y  induction  of  antiviral  host  defense  is  intact. 

IFN-y-inducible  factor;  antiviral  host  defense;  signal  transducer  and 
activator  of  transcription  1 

lung  disease  is  the  leading  cause  of  morbidity  and  mortality  in 
cystic  fibrosis  (CF)  patients.  Compared  with  other  lung  dis¬ 
eases,  CF  lung  disease  is  striking  in  its  relatively  restricted 
bacteria  flora,  particularly  with  Pseudomonas  aeruginosa. 
Once  bacterial  colonization  is  established,  it  cannot  be  eradi¬ 
cated.  Airway  obstruction,  chronic  bacterial  infection,  and 
excessive  inflammation  progressively  destroy  the  lung  and 
eventually  lead  to  death.  Successful  therapies  include  early 
intervention  to  prevem  bacterial  colonization,  delay  disease 
progression,  and  improve  the  life  expectancy  of  CF  patients. 
As  the  largest  epithelial  surface  area  exposed  to  microorgan¬ 
isms  and  particles  in  the  environment,  human  lungs  have  an 
elaborate  array  of  pulmonary  defense  mechanisms  to  keep  the 
lung  free  of  infections  (10).  Increased  mucus  secretion  and 
airway  obstruction  cannot  solely  account  for  the  increased 
susceptibility  to  bacterial  infection  or  the  selection  of  the 
particular  flora  associated  with  CF.  Furthermore,  there  does  not 
appear  to  be  a  systemic  immune  defect  in  CF,  rather  suscep¬ 


tibility  seems  to  reside  within  the  respiratory  tract  itself  (28). 
Our  previous  study  showed  that  CF  lung  epithelial  cells  are 
more  susceptible  to  viral  infection,  which  may  predispose  CF 
airways  to  subsequent  bacterial  colonization.  Loss  of  nitric 
oxide  (NO)  synthase  (NOS)-2  expression  was  identified  as  one 
defect  in  the  innate  host  defense  of  CF  airway  epithelial  cells 
(44).  High-level  production  of  NO  in  human  airways  through 
the  continuous  expression  of  NOS2  is  an  important  component 
of  host  defense  of  the  respiratory  epithelium  (15,  34).  Exhaled 
NO  and  airway  NOS2  are  elevated  in  individuals  with  inflam¬ 
matory  lung  diseases,  such  as  asthma  and  bronchiolitis  com¬ 
pared  with  healthy  controls  (4,  18,  25).  Despite  the  inflamma¬ 
tory  nature  of  CF  lung  disease,  NO  levels  in  exhaled  breath 
from  CF  patients  are  lower  than  those  from  healthy  controls 
and  individuals  with  other  inflammatory  lung  diseases  (2,  30). 
Infants  with  CF  before  the  onset  of  respiratory  symptoms  have 
mean  levels  of  exhaled  NO  threefold  lower  than  healthy 
control  infants,  suggesting  that  lower  NO  in  CF  is  not  the  result 
but,  rather,  a  precursor  of  pulmonary  disease  (12).  Significant 
reduction  of  NOS2  immunostaining  in  CF  epithelium,  but  not 
in  inflammatory  cells  (33),  suggests  that  NOS2  gene  is  normal 
but  the  signaling  pathway  regulating  its  expression  is  abnormal 
in  CF  lung  epithelium. 

We  have  previously  shown  that  IFN-y  and  virus  do  not 
induce  NOS2  expression  at  both  the  RNA  and  protein  level  in 
CF  airway  epithelial  cells  (44).  Thus  we  hypothesize  that  the 
absence  of  NOS2  in  CF  epithelial  cells  is  due  to  decreased  gene 
expression  as  a  result  of  an  impaired  signaling  pathway.  Here, 
we  study  the  IFN-y-stimulated  signaling  pathway  that  regu¬ 
lates  NOS2  expression,  as  well  as  other  IFN-stimulated  genes 
(ISG),  using  primary  human  airway  epithelial  cells  (HAEC) 
derived  from  CF  and  non-CF  lungs. 

MATERIALS  AND  METHODS 

Extraction  of  HAEC  and  cell  culture.  Segments  of  bronchus  were 
obtained  at  surgery.  Fat  and  connective  tissue  were  removed  as  much 
as  possible,  and  bronchus  segments  were  washed  with  HBSS  (GIBCO 
Laboratories,  Grand  Island,  NY)  several  times  to  remove  all  blood  and 
connective  tissue  followed  by  incubation  in  0.1%  protease- DMEM 
(GIBCO)  solution  with  1%  penicillin-streptomycin-fungizone.  20 
F-g/ml  ciprofloxacin,  and  200  p.g/m!  tobramycin  at  4°C  overnight. 
Protease  was  neutralized  with  1  ml  of  heat-inactivated  FCS.  Tracheal 
segments  were  then  incubated  in  HBSS  containing  10  mM  EDTA.  1% 
penicillin-streptomycin-fimgizone,  20  gg/ml  ciprofloxacin,  and  200 
M-g/ml  tobramycin  at  37°C  for  15  min.  The  epithelial  side  of  the 
trachea  was  scraped  with  a  sterile  glass  slide  to  remove  remaining 
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adherent  cells.  Cells  were  also  collected  from  all  previous  superna¬ 
tants  and  seeded  on  tissue  culture  plates  precoated  with  coating 
medium  containing  29  pg/ml  collagen  (vitrogen;  Collagen.  Palo  Alto, 
CA),  10  pg/ml  BSA  (Biofluids),  and  10  pg/ml  fibronectin  (Calbio- 
chem.  La  Jolla,  CA),  in  serum-free  bronchial  epithelial  basal  medium 
(Clonetics,  San  Diego,  CA)  with  1%  penicillin-streptomycin-fungi- 
zone,  20  pg/ml  ciprofloxacin,  and  200  pg/ml  tobramycin.  Some 
HAEC  were  also  obtained  through  bronchoscopy  with  a  flexible  fiber 
optic  bronchoscope  (Olympus  BS-IT10;  Olympus  Optical,  Tokyo, 
Japan)  from  normal  volunteers  with  no  history  of  lung  disease  and  on 
no  medications.  Informed  consent  was  obtained  under  a  protocol 
approved  by  the  Institutional  Review  Board  at  the  Cleveland  Clinic 
Foundation.  All  cells  were  genotyped  for  CF  mutations  by  Genzyme 
Genetics  (Boston,  MA).  In  addition,  an  aliquot  of  cultured  cells  was 
immunostained  to  confirm  epithelial  phenotype.  In  total,  seven  sam¬ 
ples  were  collected  from  CF  lungs  and  confirmed  to  have  AF508/ 
AF508  mutations;  these  cells  are  referred  to  as  CF  cells.  All  five 
samples  collected  from  non-CF  explanted  lungs  and  four  samples 
collected  from  bronchoscopic  brushing  of  healthy  volunteers  were 
confirmed  to  have  no  known  CFTR  mutation;  these  cells  are  referred 
to  as  non-CF  airway  epithelial  (NL)  cells.  All  experiments  were 
performed  in  CF  and  NL  cells,  replicated  a  minimum  of  two  times, 
using  a  minimum  of  cells  from  two  different  donors  each  for  NL  and 
CF  cells. 

A549  cells,  an  epithelial  cell  line  derived  from  lung  adenocarci¬ 
noma  [American  Type  Culture  Collection  (ATCC),  Rockville,  MD], 
were  cultured  in  MEM  (G1BCO)  with  10%  heat-inactivated  FCS. 
Human  IFN-y  was  a  gift  from  InterMune  (Brisbane,  CA).  CV-1  cells 
(CCL  70,  ATCC)  were  maintained  in  DMEM  (GIBCO-BRL)  supple¬ 
mented  with  10%  fetal  bovine  serum,  penicillin,  streptomycin,  and 
glutamine.  Recombinant  human  1L-13  and  TNF-ot  were  from  Gen¬ 
zyme.  Human  parainfluenza  virus  (HPIV)  3  was  a  gift  from  Dr. 
Bishnu  De. 

RNA  extraction  and  Northern  analysis.  Total  RNA  was  extracted 
by  GTC-CsCl  gradient  method  and  evaluated  by  Northern  analysis 
using  a  32P-labeled  major  histocompatibility  complex  class  11 
(MHC11)  (DRa)  (pCCF52)  probe  (ATCC)  (36)  or,  as  a  control, 
GAPDH  cDNA  probe  (6),  and  then  subjected  to  autoradiography. 
Expression  of  MHC1I  mRNA  relative  to  GAPDH  mRN'A  was  accom¬ 
plished  with  a  Phosphorlmager  (Molecular  Dynamics)  to  quantitate 
relative  units. 

NOS2  promoter  luciferase  reporter  constructs,  transient  transfec¬ 
tion,  and  luciferase  assay.  Full-length  human  NOS2  promoter  lucif¬ 
erase  reporter  construct,  a  kind  gift  from  Dr.  Joel  Moss  (5),  was 
transiently  transfected  into  cells  at  90%  confluence  with  Lipo- 
fectAMlNE  PLUS  reagent  (Invitrogen,  Carlsbad,  CA).  Twenty-four 
hours  after  transfection,  cells  were  treated  with  cytokines,  and  cell 
lysate  was  collected  to  evaluate  luciferase  activity  with  the  Dual- 
Luciferase  Reporter  Assay  (Promega,  Madison,  Wl).  Cotransfection 
with  Renilla  luciferase  (Promega)  was  used  to  normalize  transfection 
efficiency  of  the  luciferase  reporter  construct. 

Western  analysis.  Adherent  cells  were  scraped  off  culture  plates  in 
lysis  buffer  [3  mM  dithiothreitol  (DTT),  5  pg/ml  aprotinin,  1  pg/ml 
leupeptin,  1  pg/ml  pepstatin  A,  0.1  mM  PMSF,  1%  Nonidet  P-40 
(NP-40),  and  40  mM  HEPES,  pH  7.5],  Cell  lysate  was  prepared  by 
three  cycles  of  freeze-thaw  and  centrifugation  at  14,000  g  for  20  min 
at  4°C.  The  supernatant  protein  concentration  was  measured  by 
Coomassie  Plus  protein  assay  (Pierce,  Rockford,  1L).  Whole  cell 
lysate  protein  was  denatured  and  reduced  in  buffer  containing  0.05  M 
Tris,  pH  6.8,  1%  sodium  dodecyl  sulfate  (SDS),  10%  glycerol, 
0.00125%  bromphenol  blue,  and  0.5%  2-mercaptoethanol  for  2  min  at 
95°C.  Total  protein  (50  pg/lane)  was  separated  by  electrophoresis  on 
8%  or  10%  SDS-polyacrylamide  gel  and  then  eletrophoretically 
transferred  onto  nitrocellulose  membrane  (Osmonics,  Minnetonka, 
MN)  for  1 .5  h  at  4!’C.  The  membrane  was  blocked  with  5%  nonfat 
milk  in  10  mM  Tris,  150  mM  NaCl,  and  0.1%  Tween  20,  pH  7.0  at 
room  temperature  for  1  h  with  shaking  and  then  with  primary  antibody 


overnight  at  4°C.  After  washing,  a  peroxidase-conjugated  secondary 
antibody  was  incubated  with  membrane  for  1  h  at  room  temperature 
followed  by  washing  again.  The  primary  antibodies  used  for  protein 
detection  included  a  rabbit  polyclonal  antibody  against  NOS2  protein 
(N053;  Merck,  Rahway,  NJ),  a  goat  polyclonal  antibody  against 
protein  inhibitor  of  activated  ST  ATI  (P1AS1;  Santa  Cruz  Biotechnol¬ 
ogy,  Santa  Cruz,  CA),  and  a  rabbit  polyclonal  antibody  against  N 
protein  of  HP1V3.  The  secondary  antibodies  used  were  peroxidase- 
linked  donkey  anti-rabbit  antibody  (Amersham,  Arlington  Heights, 
IL)  or  anti-goat  antibody  (Santa  Cruz  Biotechnology).  As  a  control  of 
equal  protein  loading.  Western  analysis  for  p-actin  was  performed 
with  a  primary  monoclonal  anti-p-actin  antibody  (A-5316;  Sigma,  St. 
Louis,  MO)  followed  by  a  sheep  secondary  anti-mouse  immunoglob¬ 
ulin  antibody  (Sigma).  Enhanced  chemiluminescent  system  (Amer¬ 
sham  Laboratories)  was  used  to  detect  signals  and  expose  films.  The 
image  was  scanned  and  relative  intensity  to  p-actin  quantitated  by 
ImageQuant  1 .2  (Molecular  Dynamics). 

Nuclear  extract  and  EMSA.  Adherent  cells  (90-100%  confluent), 
treated  with  reagents  as  indicated,  were  washed  twice  with  ice-cold 
PBS  and  harvested  with  a  cell  lifter.  The  cell  suspensions  were 
centrifuged  and  resuspended  in  0.4  ml  of  ice-cold  buffer  [10  mM 
HEPES  (pH  7.9),  10  mM  KC1,  0.1  mM  EDTA,  0.1  mM  EGTA,  0.5 
mM  PMSF,  and  1  mM  DTT]  by  gentle  pipetting  in  a  yellow  tip,  and 
then  cells  were  allowed  to  swell  on  ice  for  1 5  min.  Subsequently,  25 
pi  of  10%  solution  of  NP-40  were  added,  vigorously  vortexed  for 
1 0  s,  and  then  spun  for  30  s  in  a  microfuge.  The  nuclear  pellet  was 
resuspended  in  50  pi  of  ice-cold  buffer  [20  mM  HEPES  (pH  7.9), 
25%  glycerol.  0.4  M  NaCl,  1  mM  EDTA,  1  mM  EGTA,  1  mM  PMSF. 
and  1  mM  DTT], 

The  duplex  oligonucleotide  corresponding  to  IFN-y  activation  site 
[ “/-activation  sequence  (GAS)]  in  NOS2  promoter  region  (5'- 
CGGGCGTTTCCAGTAAAAATC-3')  was  synthesized  by  Operon 
(Alameda,  CA)  and  then  end-labeled  with  [y-32P]ATP  by  polynucle¬ 
otide  kinase.  For  binding  reactions,  nuclear  extract  (NE)  containing  4 
pg  of  protein  was  incubated  in  20  pi  of  total  reaction  volume 
containing  20  mM  HEPES  (pH  7.9),  5%  glycerol,  50  mM  NaCl,  5 
mM  DTT,  0.1  mM  EDTA,  100  pg/ml  BSA.  and  2  pg  poly(dl-dC)  for 
1 5  min  at  room  temperature.  The  32P-labeled  oligonucleotide  (2  X  1 05 
counts/min)  was  added  to  the  reaction  mixture  and  incubated  for  20 
min  at  room  temperature.  The  reaction  mixture  was  analyzed  by 
electrophoresis  on  a  4%  polyacrylamide  gel  in  0.25  X  TBE  (12.5  mM 
Tris,  12.5  mM  borate,  and  0.5  mM  EDTA).  The  gels  were  dried  and 
analyzed  by  autoradiography.  To  demonstrate  specificity  of  binding, 
we  performed  competition  by  adding  unlabeled  wild-type  and  mutated 
oligonucleotide  at  a  100-fold  molar  excess  of  32P-labeled  oligonucle¬ 
otide  probe  in  the  binding  reaction.  To  specifically  identify  activator 
protein  (AP)-l,  STAT1  proteins  in  binding  complexes,  4  pg  of  rabbit 
anti-C-fos,  c-jun,  STAT1  antibody  (Santa  Cruz  Biotechnology),  or 
nonimmune  rabbit  IgG  (Biodesign,  Saco,  ME)  were  added  to  the 
binding  reaction  mixture  and  incubated  for  30  min  at  room  tempera¬ 
ture  before  the  32P-labeled  oligonucleotide  was  added. 

Whole  cell  extract  and  EMSA.  The  cell  suspensions  were  centri¬ 
fuged  at  1,000  g  for  5  min  at  4°C.  The  cell  pellet  was  washed  in 
ice-cold  PBS  and  resuspended  in  1  ml  of  ice-cold  buffer  [10  mM 
HEPES  (pH  7.9),  1.5  mM  MgCl2,  10  mM  K.C1,  20  pM  Na-orthovana- 
date,  0.5  mM  DTT,  and  0.5  mM  PMSF],  incubated  on  ice  for  5-10 
min,  and  centrifuged.  The  cell  pellet  was  resuspended  in  equal  volume 
of  buffer  [20  mM  HEPES,  pH  7.9,  25%  glycerol,  0.42  M  NaCl,  1.5 
mM  MgCl2,  0.2  mM  EDTA,  0.2  mM  Na-orthovanadate,  0.5  mM 
DTT,  0.5  mM  PMSF,  5  pg/ml  leupeptin,  200  pg/ml  aprotinin,  and  10 
pg/ml  pepstatin  A]  and  incubated  on  ice  for  30  min.  Extract  was 
centrifuged  at  14,000  g  for  20  min  at  4°C,  and  the  supernatant  was 
used  for  EMSA.  Protein  concentration  was  measured  by  the  Coomas¬ 
sie  Plus  protein  assay  (Pierce). 

The  IFN-y  activation  site  (GAS)  (5'-TCGAGCCTGATTTC- 
CCCGAAATGACG  GC-3'),  corresponding  to  the  inverted  repeat 
element  of  human  interferon  regulatory  factor  (IRF)-l  gene  with  a 
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Sail  linker  at  the  5 '-end  and  the  complementary  strand,  were  synthe¬ 
sized  by  BRL  Laboratories  (Grand  Island,  NY).  The  annealed  duplex 
oligonucleotides  were  end-labeled  with  [y-32P]ATP  by  polynucle¬ 
otide  kinase.  Whole  cell  extract  (WCE)  containing  5  pg  of  protein 
was  incubated  at  room  temperature  with  total  volume  of  19  pi  of 
binding  reaction  buffer  [20  rnM  HEPES  (pH  7.9),  10%  glycerol  80 
m.M  NaCl,  1  mM  DTT,  0.6  mM  EDTA,  pH  8.0,  4  mM  Tris-HCl,  pH 
7.9,  5  mM  MgCl2,  and  3  pg  po!y(dI-dC)]  and  200  pg  of  end-labeled 
GAS  duplex  probe  for  20  min.  The  protein-DNA  complex  was 
analyzed  by  electrophoresis  on  a  6%  polyacrylamide  (acrylamide/bis. 
75:2)  gel  with  0.5  X  TBE  (44.5  mM  boric  acid,  2  mM  EDTA,  pH  8.0) 
at  room  temperature  for  1. 5-2.0  h.  Gels  were  dried  and  exposed  to 
X-ray  film  at  -70°C.  To  specifically  identify  STAT1  protein  in  the 
protein-DNA  complex,  we  added  ST  ATI  antibody  (Santa  Cruz  Bio¬ 
technology)  to  the  binding  reaction  mixture  and  incubated  it  for  30 
min  at  room  temperature  before  adding  the  32P-Iabeled  oligonucleo¬ 
tide. 

Conditioned  medium  transfer.  Cells  were  stimulated  with  IFN-y 
(1,000  U/ml)  for  1  h  and  washed  vigorously  with  HEPES-buffered 
saline  to  remove  residual  IFN-y.  Fresh  culture  media  were  added  to 
the  cells  and  incubated  for  72  h.  The  overlying  media  [y-conditioned 
medium  (yCM)]  were  then  transferred  to  unstimulated  fresh  cells  as 
indicated.  Cell  lysates  were  collected  24  h  later  for  Western  analysis. 
WCE  was  collected  30  min  after  conditioned  media  transfer  for 
EMSA. 

Plaque  assay.  Culture  supernatants  overlying  cells  that  underwent 
virus  infection  were  collected,  and  the  yield  of  infectious  HPIV3  in 
the  supernatants  was  measured  by  plaque  assay  as  previously  de¬ 
scribed  (8).  Briefly,  samples  to  be  tested  were  diluted  from  1:102  to 
1:I07  in  opti-MEM  (G1BCO-BRL)  and  placed  on  CV-I  cells  (CCL 
70,  ATCC).  After  1  h  at  37°C,  the  supernatants  were  removed,  and 
cells  were  overlaid  with  freshly  made  MEM-agar  that  contains  1% 
agar,  10%  FCS,  penicillin,  streptomycin,  and  glutamine.  Cells  were 
cultured  for  24  h,  and  the  plaques  were  counted  visually  under  a 
microscope. 

RESULTS 

Lack  of  NOS2  expression  and  decreased  NOS2  promoter 
activity  in  CF  cells.  To  confirm  that  CF  cells  do  not  express 
NOS2  protein,  we  exposed  CF  and  NL  cells  to  IFN-y,  and  cell 
lysates  were  collected  at  8,  24,  and  48  h.  NL  cells  had  NOS2 


expression  at  24  h,  and  the  protein  level  increased  further  at 
48  h,  whereas  CF  cells  did  not  have  detectable  NOS2  even  at 
48  h  (Fig.  IA).  To  evaluate  NOS2  gene  transcription,  we 
cotransfected  a  8,296-bp  human  NOS2  promoter  luciferase 
reporter  construct  and  Renilla  luciferase  construct  (RL-TK) 
into  NL  and  CF  cells  at  90%  confluence.  Twenty-four  hours 
after  transfection,  the  cells  were  treated  with  104  U/ml  IFN-y 
or  cytokine  mix  (CK;  104  U/ml  IFN-y,  0.5  ng/ml  IL-1|3,  and  10 
ng/ml  TNF-a)  or  left  untreated.  Cell  lysates  were  collected  for 
luciferase  assay,  and  the  NOS2  promoter  luciferase  activity 
was  normalized  to  Renilla  luciferase  activity  as  a  control  for 
transfection  efficiency.  CF  cells  had  significantly  decreased 
NOS2  promoter  activity  upon  IFN-y  or  CK  stimulation  com¬ 
pared  with  NL  cells  ( P  <  0.05)  (Fig.  IB),  indicating  a  defect  in 
NOS2  expression  in  CF  cells  at  the  transcriptional  level. 

IFN-y-induced  MHCII  expression  is  not  altered  in  CF  cells . 
NOS2  and  MHCII  expression  are  induced  as  a  delayed  re¬ 
sponse  to  IFN-y,  requiring  new  protein  synthesis.  To  evaluate 
whether  MHCII  expression  is  impaired  in  CF  cells,  we  exposed 
CF  and  NL  cells  to  104  U/ml  IFN-y  and  extracted  RNA  at  2, 
8,  24,  and  48  h  after  treatment.  Northern  analysis  revealed 
MHCII  induction  at  24  and  48  h  after  IFN-y  in  NL  and  CF  cells 
(Fig.  2 A).  CF  cells  were  also  exposed  to  different  concentra¬ 
tions  of  IFN-y  ( 1 02- 1 04  U/ml),  and  RNA  was  extracted  24  h 
later.  Northern  analysis  showed  a  dose-dependent  induction  of 
MHCII  in  CF  cells  by  IFN-y  (Fig.  25).  These  results  indicate 
that  CF  cells  have  a  defect  in  NOS2  expression,  whereas  other 
delayed  IFN-y-responsive  ISGs  are  not  affected. 

Normal  STATl/c-Fos  interaction  in  CF  cells  following  treat¬ 
ment  with  IFN-y.  Physical  interaction  between  c-fos,  a  com¬ 
ponent  of  AP-1,  and  STAT1  plays  a  role  in  transcriptional 
activation  of  NOS2  gene  (43).  To  investigate  the  interaction 
between  c-fos  and  ST  ATI  in  CF  cells,  we  exposed  CF  and  NL 
cells  to  IFN-y  for  1  h  or  unstimulated.  The  NE  were  analyzed 
by  EMSA  with  a  32P-labeled  duplex  oligonucleotide  probe 
corresponding  to  the  IFN-y  activation  site  (GAS)  sequence 
present  in  the  NOS2  promoter  region  (Fig.  3 A).  The  EMSA 
revealed  that  GAS-STAT1  interaction  was  less  in  CF  than  in 
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Fig.  2.  Major  histocompatibility  complex 
class  II  (MHCII)  expression  in  CF  and  NL 
cells.  A:  Northern  analysis  of  total  RNA 
from  primary  human  airway  epithelial  cells 
from  NL  ( lanes  1-5,  10  pg/Iane)  or  CF 
(lanes  6-10,  10  pg/lane)  at  indicated  hours 
after  IFN-y  stimulation  was  performed  with 
a  32P-labeled  MHCII  (DRot)  cDNA  probe. 
B ;  Northern  analysis  of  total  RNA  from 
airway  epithelial  cells  from  CF  ( lanes  1-4, 
10  pg/lane)  24  h  after  IFN-y  stimulation  at 
indicated  doses.  Human  32P-labeled  GAPDH 
cDNA  probe  was  used  as  control  for  RNA 
loading.  Similar  results  were  obtained  from  2 
separate  experiments  using  cells  from  different 
donors. 


NL  cells.  Supershift  analysis  revealed  the  presence  of  ST  AT- 1 
and  c-fos,  but  not  c-Jun,  in  DNA-protein  complexes  in  CF  and 
NL  cells.  These  results  suggest  that  c-fos  interacts  with  ST  ATI 
in  binding  to  GAS  in  CF  and  NL  cells.  Thus  c-fos  is  not 
involved  in  the  impairment  of  STAT1-DNA  binding  in  CF 
cells  following  treatment  with  IFN-y. 


ST ATI  activation  is  also  impaired  in  mice  lacking  CFTR 
expression  (24).  A  previous  report  suggests  that  the  level  of 
PIAS1  protein,  which  binds  to  and  inactivates  STAT1,  is 
higher  in  lung  epithelium  of  CF  mice  (24).  Thus  we  evaluated 
the  expression  of  P1AS1  in  CF  and  NL  cells.  CF  cells  had 
PIAS1  expression  similar  to  NL  at  baseline  and  a  lower  PIAS1 
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Fig.  3.  Impaired  STATl  activation  in  CF  air¬ 
way  epithelial  cells.  A:  EMSA  of  nuclear  extract 
from  CF  (lanes  1-5)  or  NL  (lanes  6-13)  was 
performed  using  [y-32P]ATP  end-labeled  NOS2 
y-activation  sequence  (GAS)  oligonucleotide 
duplex  probe.  The  binding  complexes  of  both 
CP  and  NL  cells  were  supershifted  by  STATl 
(p91)  antibodies  (Ab)  ( lanes  3.  8)  and  c-fos  Ab 
(lanes  4,  9),  but  not  by  c-jun  Ab  (lanes  5,  10)  or 
rabbit  unimmune  IgG  (lane  15).  Competition 
with  unlabeled  probe  (lane  11)  but  not  NOS2 
GAS  mutant  probe  (lane  12)  confirmed  the  spec¬ 
ificity  of  the  binding  complex.  8:  Western  anal¬ 
ysis  of  cell  lysate  (20  jig  total  protcin/lane)  from 
CF  (lanes  1-4)  or  NL  (lanes  5-8)  with  IFN-y 
(104  U/ml)  stimulation  for  indicated  time  was 
performed  using  protein  inhibitor  of  activated 
STATl  (PIAS1)  Ab.  (3-Actin  Ab  was  used  as 
control  of  protein  loading.  Similar  results  were 
obtained  from  2  separate  experiments  using  cells 
from  different  donors. 
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level  after  IFN-y  treatment  compared  with  NL  cells  (Fig.  3 B), 
Thus  unlike  mouse  lung  epithelium,  P1AS1  does  not  play  a  role 
in  the  decreased  STAT-1  activation  in  CF  airway  epithelial 
cells  in  vitro. 

CF  cells  do  not  respond  to  IFN-y-induced  soluble  media- 
tor(s).  Our  previous  work  identified  an  autocrine  mechanism  of 
induction  and  maintenance  of  NOS2  in  HAEC  through  the 
synthesis  and  secretion  of  IFN-y-stimuIated  soluble  media¬ 
tors)  (39).  To  evaluate  the  ability  of  CF  cells  to  produce  and 
respond  to  these  soluble  mediator(s),  we  treated  CF  and  NL 
cells  with  IFN-y  for  1  h  and  washed  the  cells  five  times  with 
HEPES-buffered  saline,  then  added  fresh  media,  and  cultured 
them  for  an  additional  72  h.  The  IFN-yCM  were  collected  and 
transferred  to  fresh  CF  and  NL  cells,  and  the  cell  lysates  were 
collected  24  h  later.  Western  blot  analysis  showed  that,  in 
contrast  to  the  NL  cells,  CF  cells  fail  to  induce  NOS2  expres¬ 
sion  following  treatment  with  yCM  derived  from  either  CF  or 
NL  cells  (Fig.  4 A).  The  mechanism(s)  of  yCM-mediated  in¬ 
duction  of  NOS2  expression  is  not  completely  understood  but 
requires  activation  of  ST  ATI  for  NOS2  gene  expression  (39). 
To  evaluate  the  ST  ATI -activating  property  of  -yCM  derived 
from  CF  cells,  WCE  collected  30  min  after  yCM  transfer  to 
fresh  CF  and  NL  cells  was  subjected  to  EMSA  with  32P- 
labeled  IRF-1  GAS  probe,  which  binds  activated  STATE  Both 
CF  and  NL  cells  activate  ST  ATI  following  treatment  with 
yCM  derived  from  CF  or  NL  cells  (Fig.  4 B).  Thus  although 
ST  ATI  activation  is  required  to  induce  NOS2  in  cells,  these 
results  suggest  that  additional  factors  are  necessary  for  NOS2 
expression  in  airway  epithelial  cells.  Furthermore,  the  ability  of 


CF-yCM  to  induce  NOS2  expression  in  NL  cells  lessens  the 
likelihood  of  a  NOS-inhibitory  or  blocking  factor  in  CF. 

Antiviral  property  of  yCM  in  NL  and  CF  cells.  Although 
NOS2  is  absent,  IFN-y  pretreatment  inhibits  viral  replication  in 
CF  cells,  likely  through  induction  of  other  host  defense  path¬ 
ways  including  double-stranded  RNA-dependent  protein  ki¬ 
nase  (PKR)  and  2',5'-oligoadenylate  synthetase  (38).  Because 
ST  ATI  activation  is  essential  for  antiviral  defense  and  yCM 
from  CF  or  NL  cells  led  to  similar  levels  of  STAT1  activation, 
we  evaluated  whether  or  not  the  antiviral  effect  of  yCM  would 
be  similar  in  CF  and  NL  cells.  yCM  collected  from  CF  or  NL 
cells  were  transferred  to  other  CF  or  NL  cells.  After  overnight 
incubation,  cells  were  exposed  to  HPIV3.  Twenty-four  hours 
later,  cell  lysates  were  collected  and  analyzed  for  viral  N- 
protein  synthesis  by  Western  blot.  yCM  inhibited  viral  repli¬ 
cation  in  both  CF  and  NL  cells,  although  yCM  from  CF  cells 
was  slightly  less  effective  than  yCM  from  NL  (Fig.  5). 

Definitive  evidence  of  antiviral  effect  of  conditioned  media 
from  NL  cells  was  provided  by  quantitative  viral  titers.  The 
active  viral  particles  in  the  supernatant  overlying  HPIV3- 
infected  NL  cells  pretreated  with  yCM  or  with  the  supernatant 
overlying  NL  HAEC  not  exposed  to  IFN-y  (mock-CM)  were 
determined  by  viral  plaque  assay.  Production  of  viral  particles 
was  inhibited  by  yCM  compared  with  mock-CM  [yCM,  (3  ± 
1)  X  104  plaque-forming  units  (pfu)/ml;  mock-CM,  (2  ± 
0.7)  X  106  pfu/ml;  n  =  3].  Thus  components  in  yCM  from  CF 
and  NL  HAEC  provide  antiviral  effect.  This  suggests  that  CF 
cells  have  an  inability  to  express  NOS2  in  response  to  IFN-y  or 
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Fig.  4.  CF  cells  make  soluble  mediator  in  7-conditioncd  medium  (yCM),  which  induces  NOS2.  A:  yCM  made  from  CF  ( lane  I) 
and  NL  (lane  4)  cells  were  transferred  to  fresh  cells.  Cell  lysates  were  collected  24  h  later,  and  20  p.g  of  total  protein  were  subject 
to  Western  analysis  for  NOS2.  yCM  from  CF  (/)  and  NL  ( 4)  both  induced  NOS2  expression  in  NL  cells  (lanes  5.  6).  but  not  in 
CF  cells  ( lanes  2,  3).  A549  stimulated  with  CK  (IFN-y.  IL- 1  (5,  TNF-at)  served  as  positive  control  for  NOS2  expression  (lane  7). 
B:  whole  cell  extracts  were  collected  30  min  after  yCM  transfer  to  cells.  Five  micrograms  of  total  protein  were  used  in  EMSA  using 
MP- labeled  interferon  regulatory  factor-1  GAS.  yCM  from  both  CF  (2)  and  NL  (6)  cells  activated  similar  level  of  ST  ATI  in  CF 
(lanes  3,  4)  and  NL  (lanes  7-10)  cells.  Supershift  with  ST ATI  Ab  confirmed  the  specificity  of  the  binding  complex  (lane  9).  Similar 
results  were  obtained  from  2  separate  experiments  using  ceils  from  different  donors. 
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Fig.  5.  -yCM  inhibits  viral  replication.  Western  analyses  of  viral  N  protein  in 
lysates  (20  p.g/lane)  of  NL  and  CF  cells  infected  with  human  parainfluenza 
virus  (HPIV)  3.  7CM  derived  from  NL  (NL-7CM)  or  CF  cells  (CF-7CM) 
inhibit  viral  N-protein  production  and,  hence,  virus  replication  in  cells  (lanes 
2.  3.  5.  and  6).  CF-7CM  may  not  be  as  completely  effective  in  antiviral  effect 
as  NL-7CM.  Similar  results  were  obtained  from  3  separate  experiments  using 
cells  from  different  donors. 


-yCM  but  have  other  effective  inducible  antiviral  systems  that 
respond  appropriately  to  IFN  or  yCM. 

DISCUSSION 

NO  produced  by  NOS2,  following  its  induction  by  inflam¬ 
matory  cytokines,  acts  as  a  major  effector  in  host  defense 
against  virus  and  bacteria.  The  expression  of  NQS2  in  healthy 
airway  epithelial  cells  has  been  demonstrated  at  both  the 
protein  and  mRNA  levels  in  vivo  (15,  16,  26).  CF  airway 
epithelial  cells  are  more  susceptible  to  viral  and  bacterial 
infection  because  of  defective  innate  host  defense  mechanisms 
of  NOS2  expression  and  STAT1  activation  (23,  29,  44).  Here, 
the  mechanism  for  lack  of  NOS2  expression  in  CF  is  identified 
at  the  transcriptional  level  with  decreased  NOS2  promoter 
activity  in  CF  cells  in  response  to  IFN-y. 

When  bound  to  its  specific  receptor  on  the  cell  membrane, 
IFN-y  initiates  a  signaling  cascade,  which  leads  to  immediate 
and/or  delayed  expression  of  ISGs  (19,  42).  NOS2,  along  with 
MHCI1,  is  one  of  the  genes  induced  by  IFN-y  as  a  delayed 
response,  whereas  ST ATI  and  1RF-1  are  immediate-response 
genes  (1,  15-17,  41,  42).  MHCII  and  1RF-I  are  similarly 
induced  by  IFN-y  in  both  CF  and  NL  cells  (44).  However,  we 
previously  showed  that  STAT1  induction  and  activation  are 
impaired  in  CF  (44),  This  suggests  that  the  delayed  and 
immediate  IFN-y-signaling  pathways  are  intact  but  that  com¬ 
ponents)  involved  in  the  regulation  of  NOS2  expression  may 
be  specifically  affected  in  CF  cells. 

Studies  of  the  human  NOS2  promoter  have  identified  im¬ 
portant  regulatory  components  in  the  promoter,  including  AP-1 
sites,  nuclear  factor-KB  sites,  GAS,  and  1RF-1  sites  (5,  31,  35). 
Only  impairment  of  ST  ATI  has  been  identified  in  CF;  other 
signal  transduction  molecules  are  similarly  activated  in  CF  and 
NL  cells  (44).  Interaction  between  c-fos,  a  component  of  AP-1, 
and  STAT1  is  required  for  NOS2  induction  by  IFN-y  in  airway 
epithelial  cells  (43).  Here,  CF  cells  exposed  to  IFN-y  have 
c-fos  and  STAT1  interaction  and  binding  to  GAS,  indicating 
that  AP-1  is  not  involved  in  the  decreased  STAT1-GAS  bind¬ 
ing.  In  contrast  to  previous  studies  using  CF  mouse  models, 
PIAS1  is  not  overexpressed  by  human  CF  cells,  and  IFN-y 
does  not  induce  P1AS1  in  CF  or  NL  cells.  Thus  PIAS1  is  not 


L379 

the  cause  of  decreased  ST  ATI  activation  or  lack  of  NOS2 
expression  in  CF  cells. 

Induction  of  NOS2  by  IFN-y  in  airway  epithelial  cells 
occurs  through  an  autocrine  mechanism  by  which  IFN-y  in¬ 
duces  synthesis  and  secretion  of  soluble  mediator(s)  that  acti¬ 
vate  ST  ATI  and  induce  NOS2  expression  (15,  17,  39).  Here, 
CF  cells  also  synthesize  and  secrete  soluble  mediators)  that 
induce  NOS2  expression  in  NL  cells.  However,  yCM  derived 
from  NL  or  CF  cells  does  not  induce  NOS2  expression  in  CF 
cells,  although  CF  cells  respond  to  yCM  through  activation  of 
ST ATI.  A  similar  level  of  STAT-1  activation  in  NL  and  CF 
cells  by  yCM  suggests  that  the  ST  ATI  activation  in  CF  is  not 
uniformly  impaired  for  all  inducing  factors. 

Consistent  with  the  central  role  of  ST  ATI  for  antiviral 
effects,  the  yCM  has  potent  antiviral  activity,  although  the  CF 
yCM  is  not  as  complete  in  antiviral  protection  as  NL  yCM. 
The  fact  that  yCM  fails  to  induce  NOS2  expression  in  CF  cells 
but  still  protects  CF  cells  from  viral  infection  indicates  that  NO 
does  not  mediate  the  antiviral  effects  of  conditioned  media  and 
points  out  the  redundancy  in  antiviral  defenses. 

Currently,  we  have  little  information  about  the  identity  of 
the  IFN-y-induced  soluble  mediators)  that  induces  NOS2 
and/or  the  antiviral  factors)  (17,  39).  There  are  likely  many 
proteins  and  mediators  present  in  the  yCM.  Researchers  have 
identified  >300  ISGs  from  pooled  data  sets  of  HT1080  fibro¬ 
sarcoma  cells  stimulated  with  IFN-a/0/y.  The  ISGs  are  clas¬ 
sified  into  functional  categories,  including  5 1  genes  involved  in 
host  defense,  8  genes  involved  in  antiviral  mechanisms,  12 
hormones,  1 5  growth  factors,  and  6  chemokines  (9).  Some  of 
the  cytokines  and  growth  factors  stimulate  ST  ATI  activation, 
such  as  prolactin,  colony-stimulating  factor- 1,  and  epidermal 
growth  factor  (7,  21,  32).  Prolactin,  a  pituitary  hormone,  also 
acts  as  a  cytokine  at  various  extrapituitary  sites  including 
immune  cells  (40).  Interestingly,  prolactin  may  induce  NOS2 
expression  in  granulocytes  and  in  peripheral  blood  mononu¬ 
clear  cells  through  at  least  two  different  signaling  pathways, 
the  STAT  and  the  MAP  kinase  pathways  (11).  There  are  also 
several  specific  airway  epithelial  secreted  factors  that  have 
antimicrobial  activities,  including  3-defensin,  lysozyme,  sur¬ 
factant,  secretory  phospholipase  A2,  secretory  leukocyte  pro¬ 
tease  inhibitor,  and  the  regulated  on  activation,  normal  T  cells 
expressed  and  secreted  factor  (3,  14,  20,  27).  Further  investi¬ 
gation  is  required  to  understand  in  detail  the  precise  mecha¬ 
nism^)  that  regulates  NOS2  expression  in  human  lung  epithe¬ 
lial  cells  and  the  role  of  NOS2  in  innate  host  defense.  However, 
on  the  basis  of  prior  studies  and  our  data,  we  suggest  a  model 
for  NOS2  induction  in  respiratory  epithelial  cells  and  the  defect 
in  CF.  Upon  binding  to  its  specific  receptor  on  the  cell 
membrane,  IFN-y  activates  the  JAK/STAT  pathway  and  in¬ 
duces  the  expression  of  a  set  of  ISGs  including  the  soluble 
mediator(s).  The  soluble  mediator(s)  is  secreted  and  stimulates 
the  cells  in  an  autocrine  fashion  to  activate  STAT1  and  other 
factors  that  are  required  for  NOS2  expression  (39).  STAT1 
activation  and  its  downstream  targets,  as  well  as  other  secreted 
host  defense  ISGs,  provide  antiviral  protection  to  cells.  The 
defect  in  human  CF  cells  appears  to  be  in  the  response  to  the 
secreted  soluble  mediators). 

Extension  of  CF  children’s  life  expectancy  occurred  with  the 
introduction  of  antibiotics,  but  also  through  vaccination  against 
virus.  For  example,  vaccination  against  measles  was  one  of  the 
earliest  interventions  that  led  to  improved  survival  in  the  1960s 
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1(22).  Before  vaccination,  CF  children  who  contracted  measles, 
a  virus  like  HPIV3  in  the  paramyxovirus  family,  had  progres¬ 
sive  decline  in  their  general  condition,  worsening  of  pulmonary 
infections,  and  early  death  (13,  37).  These  clinical  observa¬ 
tions,  together  with  the  identification  of  enhanced  virus  sus¬ 
ceptibility  of  CF  airway  cells,  suggest  that  therapies  aimed  at 
improving  antiviral  host  defense  may  further  delay  the  onset  of 
bacterial  colonization  and  extend  the  lives  of  CF  individuals. 
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Abstract 


Sendai  virus  (SeV)  infection  causes  the  transcriptional  induction  of  many  cellular 
genes  that  are  also  induced  by  interferon  (IFN)  or  double-stranded  (ds)  RNA.  We  took 
advantage  of  various  mutant  cell  lines  to  investigate  the  putative  roles  of  the  components 
of  the  IFN-and  dsRNA-signaling  pathways  in  the  induction  of  those  genes  by  SeV. 
Profiling  the  patterns  of  gene  expression  in  SeV-infected  cells  demonstrated  that  Toll- 
Like  Receptor  3,  although  essential  for  gene  induction  by  dsRNA,  was  dispensable  for 
gene  induction  by  SeV.  In  contrast,  Jakl,  which  mediates  IFN  signaling,  was  required 
for  the  induction  of  a  small  subset  of  genes  by  SeV.  NFkB  and  IRF-3,  the  two  major 
transcription  factors  activated  by  virus  infection,  were  essential  for  the  induction  of  two 
sets  of  genes  by  SeV.  As  expected,  some  of  the  IRF-3 -dependent  genes,  such  as  ISG56, 
were  more  strongly  induced  by  SeV  in  IRF-3-overexpressing  cells.  Surprisingly,  in  those 
cells,  a  number  ot  NF KB-dcpendent  genes,  such  as  A20,  were  induced  poorly.  Using  a 
series  of  cell  lines  expressing  increasing  levels  of  IRF-3,  we  demonstrated  that  the  degree 
of  induction  of  A20  mRNA,  upon  SeV  infection,  was  inversely  proportional  to  the 
cellular  level  of  IRF-3,  whereas  that  of  ISG56  mRNA  was  directly  proportional.  Thus, 
IRF-3  can  suppress  the  expression  of  NFkB  dependent  genes  in  SeV-infected  cells. 
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Introduction 


Many  cellular  genes,  encoding  proteins  of  diverse  functions,  are  transcriptionally 
induced  during  viral  infections  (6,  15,  32,  40,  47).  Because  host-virus  co-evolution  has 
tolerated  this  host  response  to  virus  infection,  it  is  thought  to  be  conducive  to  maintaining 
proper  homeostasis  between  viral  proliferation  and  host  survival.  A  large  number  of 
virally  induced  proteins  have  direct  or  indirect  anti-viral  effects.  They  may  inhibit 
protein  synthesis  in  the  infected  cells  (17),  impair  viral  assembly  (7),  initiate  the  innate 
immune  response,  or  prime  the  adaptive  immune  response  (29).  Diverse  components  of 
the  infecting  viruses  or  viral  intermediates,  produced  during  its  replication,  can  be  the 
responsible  agents  that  trigger  the  signaling  pathways  leading  to  cellular  gene  induction. 
Depending  on  the  specific  virus,  viral  envelope  proteins  (5),  viral  ribonucleoproteins 
(41),  or  viral  single-stranded  (ss)  (28)  or  double-stranded  (ds)  RNAs  (1,  1 1,  46)  have 
been  shown  to  be  the  critical  agent.  Among  these,  dsRNA  has  been  viewed  as  the  most 
important  agent  because  it  is  produced  in  many  virus-infected  cells,  moreover  synthetic 
dsRNA,  when  added  to  cells,  can  induce  transcription  of  some  of  the  same  cellular  genes 
that  are  induced  by  virus  infection  (14).  A  major  transducer  of  signaling,  generated  by 
exogenously  added  dsRNA  or  intracellular  viral  dsRNA,  is  a  member  of  the  Toll-like 
receptor  (TLR)  family,  TLR3  (1). 

One  set  of  common  genes  induced  by  many  viruses  and  dsRNA  encode  type  I 
interferons  (IFNs)  (29).  These  secreted  cytokines  have  strong  anti-viral  effects. 
Surprisingly,  many  dsRNA-induced  and  virally  induced  cellular  genes  are  also  induced 
by  IFNs  (37),  thus  creating  a  positive  feedback  loop  that  reinforces  induction  of  the  same 
genes  in  infected  cells. 


3 


To  better  understand  the  repertoires  of  genes  induced  by  Sendai  virus  (SeV) 
infection  of  cells  in  culture,  we  have  classified  them  into  groups  that  are  induced  by 
IFNs,  dsRNA,  or  other  viral  products.  For  identifying  SeV-induced  genes,  we  used 
cDNA  microarrays  customized  for  this  purpose,  and  based  on  genes  we  previously 
identified  whose  transcription  is  induced  by  IFNs  (9,  10)  or  dsRNA  (14).  In  addition  to 
many  virally  induced  genes,  dsRNA-  and  IFN-inducible  genes  were  represented  in  the 
microarray  used  here.  We  had  previously  used  mutant  cell  lines,  which  could  not 
respond  to  IFN  or  dsRNA  to  delineate  the  signaling  pathways  activated  by  the  different 
inducers  (3, 24,  43).  To  assess  the  relative  contributions  of  the  IFN-  and  the  dsRNA- 
signaling  pathways  in  gene  induction  by  SeV,  we  again  took  advantage  of  some  of  those 
mutant  cell  lines.  Other  mutant  cell  lines  were  used  to  investigate  the  relative 
contributions  of  NFkB  and  IRF-3,  the  major  transcription  factors  activated  by  SeV 
infection,  to  cellular  gene  induction  (2 1 ,  36). 

Our  study  revealed  that  among  the  genes  that  are  induced  immediately  after  SeV 
infection,  only  a  few  were  dependent  on  IFN  signaling  and  none  were  dependent  on 
dsRNA  signaling  through  TLR3.  As  expected,  one  class  of  genes  required  NFkB, 
whereas  another  class  required  IRF-3  for  induction  in  SeV-infected  cells.  Surprisingly, 
viral  induction  of  a  subset  of  NFicB-dependent  genes  was  negatively  regulated  by  IRF-3, 
thus  revealing  a  new  aspect  of  cross-talk  between  the  two  transcription  factors. 
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Materials  and  Methods 


Cell  culture.  The  cell  lines  used  in  this  paper  and  their  principal  characteristics  are  listed 
in  Table  1.  All  cell  lines  were  cultured  in  DMEM  with  10%  FBS,  2mM  L-Glutamine,  50 
units/ml  penicillin,  and  50jig/ml  streptomycin.  293/TLR3  cells  were  derived  from  293 
cells  transfected  with  a  TLR3  expression  vector  as  described  previously  and  cultured  in 
400  (ig/ml  G4 18(38).  Wt  2fTGH  cells,  Jakl  deficient  U4C  cells,  and  IRF-3  deficient 
P2.1  cells  have  been  discussed  previously(24).  The  generation  of  U4C.2  cells,  a  U4C- 
derived  line  overexpressing  IRF-3,  along  with  2F-SR  cells,  which  express  the  dominant 
negative  IkBcc  super  repressor  was  described  by  Peters,  et  al  (36).  These  cells  were 
cultured  respectively  in  the  presence  of  either  puromycin  or  G4 1 8.  1080.10  cells  are  a 
clonal  line  derived  from  HT1080  cells  co-transfected  with  the  IRF-3  expression  vector, 
pCDNA3/hIRF-3  and  the  selection  vector  pBABE/Puro.  Following  selection  with 
puromycin,  1080. 10  and  other  clones  were  picked  from  the  stably  transfected  cells  and 
screened  by  Western  blotting  for  increased  IRF-3  expression. 

Treatment  methods.  Treatment  of  cells  with  dsRNA  was  carried  out  as  described 
previously(36).  Briefly,  poly(I)*poly(C)  (Amersham)  was  added  directly  to  the  culture 
media  to  a  final  concentration  of  1 00  jig/ml  for  six  hours.  Sendai  virus  infection  was 
carried  out  as  previously  described  by  Heylbroeck,  et  al  (20).  Culture  media  was 
removed  from  cells  and  replaced  with  serum-free  DMEM.  Sendai  virus  (Charles  River, 
SPAFAS,  Cantell  strain)  was  added  directly  to  the  media  to  a  final  concentration  of 
1HAU/4.0x10'’  cells  (-10-15  pfu/cell)  and  incubated  for  1  hour  with  gentle  shaking  every 
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10  minutes.  Following  viral  adsorption,  the  media  was  removed  and  replaced  with 
DMEM  containing  10%  FBS  for  the  remainder  of  the  experiment. 

RNA  Isolation.  For  both  Microarray  and  RPA  experiments,  total  cellular  RNA  was 
isolated  from  cells  using  the  RNA-Bee  kit  (Tel-Test,  Friendswood,  TX).  Following 
isolation,  RNA  was  washed  twice  in  70%  EtOFl  and  dissolved  in  water. 

Array  construction.  The  array  used  in  this  study  comprised  a  subset  of  sequence 
verified  cDNA  clones  from  the  Research  Genetics  40K  set.  The  clones  included  950 
genes  containing  adenylate/uridylate  rich  elements  and  1 8  genes  potentially  involved  in 
AU-directed  mRNA  decay  as  previously  described  (13),  855  interferon  stimulated  genes 
representing  an  expansion  of  a  previously  described  clone  set  (9),  288  genes  responsive 
to  the  viral  analog  poly  (I).poly(C),  representing  an  expansion  of  the  clone  set  described 
by  Geiss  et.al.(14)  and  85  housekeeping  genes.  DNA  preparation  and  slide  printing  were 
as  previously  described  (13)  except  for  the  use  of  50%  DMSO  as  printing  solution. 

RNA  labeling  and  array  hybridization.  Cy3  or  Cy5  labeled  cDNA  was  prepared  by 
direct  incorporation.  100  |ig  of  total  RNA,  2  jig  dT,2-i8  primer  (Invitrogen),  and  1  jil  anti- 
RNAse  (Ambion)  were  combined  in  a  reaction  volume  of  30  jil  and  incubated  for  10  min 
at  70°C.  Reverse  transcription  was  for  2hr  at  42°C  in  a  50  jil  reaction  containing  annealed 
RNA  template,  IX  1st  strand  buffer  (Invitrogen),  500  jiM  each  dATP,  dCTP,  dGTP, 
300jiM  dTTP,  250  jiM  dUTP  (Sigma),  3nmol  Cy3-dUTP  or  Cy5-dUTP,  lOmM  DTT, 
and  6U/jil  Superscript  II.  For  template  hydrolysis,  10  |il  0.1M  NaOH  was  added  to  the 
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reverse  transcription  reaction  and  the  mixture  was  incubated  for  10  mins  at  70°C,  allowed 
to  cool  at  room  temperature  for  5  min  and  neutralized  by  addition  of  10  (il  0.1M  HC1. 

The  cDNA  was  purified  with  GFX  columns  following  the  manufacturer’s  instructions 
(Amersham  Pharmacia  Biotech),  dried  down,  and  resuspended  in  hybridization  buffer 
containing  2X  SSC,  0.1%  SDS,  4  fig  of  poly(dA)40-60,  and  4  jag  of  yeast  tRNA.  The 
Cy3  and  Cy5-labeled  cDNAs  were  pooled  and  after  2  min  dcnaturation  at  90°C  the 
hybridization  mixture  was  applied  to  the  microarray  slide  under  a  coverslip. 

Hybridization  proceeded  overnight  in  a  sealed  moist  chamber  in  a  55°C  waterbath.  Post¬ 
hybridization,  slides  were  washed  successively  for  5  min  each  in  2  X  SSC  plus  0.1%  SDS 
at  55  C,  2  X  SSC  at  55°C,  and  0.2  X  SSC  at  room  temperature,  spun  dry,  and  scanned  on 
a  GenePix  4000A  scanner  (Axon). 

Data  acquisition  and  normalization.  Data  were  acquired  with  a  GenePix  4000A  laser 
scanner  and  GenePix  Pro  5.0  software  as  previously  described(  1 3).  Raw  data  were 
imported  into  Genespring  6.0  software  (Silicon  Genetics)  and  normalized  based  on  the 
distribution  of  all  values  with  locally  weighted  linear  regression  (LOWESS)  before 
further  analysis. 

To  assure  reproducibility,  three  microarrays  experiments,  using  different 
biological  repeats  and  one  dye  swap,  were  performed  for  every  cell  line  infected  with 
SeV.  For  assessing  the  effects  of  dsRNA,  two  microarray  experiments,  using  different 
biological  samples  were  conducted  in  both  the  293  and  293/TLR3  cell  lines.  Spots 
representing  genes  with  fluorescent  intensities  of  less  than  200  units  in  the  SeV-  or 
dsRNA-treated  samples  were  excluded  when  surveying  for  changes  in  expression.  A 
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gene  was  considered  to  be  induced  by  SeV  or  dsRNA  in  a  particular  cell  type  if  its 
expression  in  treated  cells  was  at  least  two-fold  greater  than  its  expression  in  uninfected 
cells  in  at  least  two  microarray  experiments. 

Ribonuclease  Protection  Assay  (RPA)  and  Northern  Blotting. 

RPAs  were  performed  using  the  RPA  III  kit  (Ambion,  Austin,  TX).  The  actin  and  561 
RPA  probes  were  described  previously  by  Peters  et  al.  (36).  The  A20,  Follistatin  and 
NOXA  RPA  probes  were  made  from  their  respective  cDNA  microarray  constructs  and 
correspond  to  the  final  220,  164,  or  158  nucleotides  of  each  mRNA.  Northern  blotting 
was  performed  as  described  previously(14).  The  full  length  cDNA  was  used  as  a  probe 
for  OAS  p69.  Gene  induction  was  measured  using  a  Storm  Imager  and  quantified  with 
Image  Quant  5.2  (Molecular  Dynamics). 


Results 


Role  of  TLR3  in  gene  induction  by  Sendai  virus. 

To  determine  the  importance  of  the  TLR3-mediated  dsRNA-  signaling  pathway 
for  gene  induction  by  SeV  we  used  HEK293-derived  cell  lines.  The  parental  cell  line 
does  not  express  any  TLR3  whereas  a  derived  line,  293/TLR3,  does.  In  the  absence  of 
TLR3,  293  cells  do  not  respond  to  exogenously  added  dsRNA,  however  upon  the 
expression  of  TLR3,  the  cells  arc  able  to  respond  robustly  (1).  Thus,  a  comparison  of  the 
genes  induced  by  SeV  in  this  pair  of  cell  lines  enabled  us  to  assess  the  importance  of 
TLR3-mediated  viral  dsRNA-signaling.  To  focus  on  the  primary  cellular  response  to 
virus  in  the  absence  of  paracrine  or  autocrine  signaling,  cells  were  infected  with  SeV  at  a 
high  m.o.i.  and  gene  induction  was  measured  six  hours  after  infection.  From  our 
previous  experience,  six  hours  was  the  optimum  time  to  observe  the  strong  direct 
induction  of  genes  by  SeV,  with  minimal  secondary  induction  (18). 

For  transcript  profiling,  a  cDNA  microarray  of  2196  genes  including  288 
previously  identified  dsRNA-regulated  genes(14)  and  855  interferon  induced  genes(9) 
was  used.  Because  dsRNA  and  IFN  induce  many  of  the  same  genes  as  viral  infection 
does,  this  array  was  well  suited  to  study  differential  gene  induction.  Total  RNA  from 
infected  cells  and  their  uninfected  counterparts  was  used  to  make  fluorescently-labeled 
cDNA  and  compared  to  each  other  by  microarray  analysis.  Individual  gene  induction  or 
repression  by  SeV  infection  was  determined  from  the  ratio  of  relative  fluorescent 
intensities  between  the  infected  and  uninfected  samples. 

SeV  infection  was  able  to  alter  the  expression  of  multiple  genes  in  293  cells; 
expression  of  36  genes  was  elevated  whereas  that  of  many  others  was  reduced  in  virus- 
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infected  cells  (Fig.  1  A).  In  293/TLR3  cells,  the  patterns  were  not  markedly  different 
(Fig-  1 B),  indicating  that  TLR3  plays  an  insignificant  role  in  gene  induction  by  SeV.  In 
contrast,  TLR3  was  required  for  the  responsiveness  of  the  cells  to  dsRNA  treatment  (Fig. 
1C,  ID). 

We  next  examined  induction  of  specific  genes  to  verify  the  apparent  lack  of 
importance  of  TLR3  in  global  gene  regulation  by  SeV.  All  of  the  genes  induced  over  2- 
fold  in  at  least  two  of  three  microarray  experiments  by  SeV  in  293/TLR3  cells  were  also 
induced  in  293  cells.  Interferon  stimulated  genes  (ISGs)  15,  54  and  56,  along  with  A20 
(TNFAIP3)  and  interleukin  8  genes,  were  all  strongly  induced  by  SeV-  infection  and 
dsRNA-treatment;  induction  of  all  five  genes  by  dsRNA  required  TLR3,  but  SeV  was 
able  to  induce  them  all  without  TLR3  (Fig.  IE).  To  confirm  the  microarray  data,  we  used 
RNase-protection  assays  to  quantitate  the  levels  of  ISG56mRNA  (Fig.  IF).  As  expected, 
SeV  induction  of  ISG56  was  TLR3-indcpendent,  while  its  induction  by  dsRNA  was 
TLR3-dependcnt.  Moreover,  the  levels  of  ISG56  mRNA  in  SeV-infected  293  and 
293/TLR3  cells  were  similar  (Fig.  IF,  lanes  3  and  6),  indicating  that  even  for  the 
maximal  induction  of  this  mRNA,  the  viral  signaling  pathway  did  not  require  TLR3. 

Although  there  was  a  differential  need  of  TLR3,  because  both  agents  induced 
many  common  genes,  we  wondered  whether  the  profiles  of  genes  induced  by  dsRNA  and 
SeV  were  completely  overlapping.  This  was  not  the  case.  Of  the  36  genes  were  induced 
by  SeV  in  293  cells,  and  the  35  genes  induced  by  dsRNA  in  293/TLR3  cells,  only  nine 
were  common.  In  addition  to  the  five  genes  shown  in  Fig  IE,  FUT2,  syndccan4,  IkBoc, 
and  NOXA  also  belonged  to  this  class.  A  few  examples  of  differentially  induced  genes 
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are  given  in  Fig.  2.  These  results  suggest  that  the  signaling  pathways  used  by  the  two 
agents  arc  ditferent,  although  some  of  them  may  be  shared. 

Involvement  of  IFN-signaling  in  gene  induction  by  SeV 

SeV-infection  is  known  to  induce  IFN  synthesis  and  many  of  the  genes  induced 
by  SeV  are  also  induced  by  IFNs.  Thus,  it  is  possible  that  some  genes  are  induced  in 
SeV-infected  cells  by  the  autocrine  action  of  newly  synthesized  IFN.  To  test  this 
possibility,  we  compared  gene  induction  in  SeV-infected  U4C  and  2fTGH  cells  (Fig.  3). 
U4C  cells,  unlike  their  parental  line  2fTGH,  lack  functional  Jakl,  which  is  required  for 
both  type  I  and  type  II  IFN  signaling.  Consequently,  IFNs  cannot  induce  any  genes  in 
U4C  cells  (31).  As  in  293  cells,  many  genes  were  strongly  induced  in  2fTGH  cells  after 
6h  of  SeV-infection  (Fig.  3A).  Using  the  criterion  of  2-fold  induction  as  the  cut-off,  we 
observed  that  49  genes  were  induced  in  2fTGH  cells.  Only,  a  small  subset  of  genes,  14 
of  the  49  were  not  induced  over  2-fold  by  SeV  in  U4C  cells  as  well.  Hence  the  majority 
of  genes  induced  in  2fTGH  cells  were  also  induced  in  U4C  cells  indicating  that  Jakl,  and 
hence  IFN-signaling,  were  not  involved  in  their  induction.  A20  and  OAS  p69  were 
selected  as  representatives  of  IFN-independent  and  dependent  genes  and  induction  of  the 
corresponding  mRNAs  was  monitored  by  RPA  and  Northern  blotting  respectively. 

Those  quantitative  assays  supported  the  conclusions  drawn  from  the  microarray  analyses: 
A20  mRNA  was  induced  by  SeV-infection  of  either  cell  line  but  OAS  mRNA  was  not 
induced  m  U4C  cells  (Fig.  3B).  Surprisingly,  another  small  subset  of  six  genes  was 
induced  in  U4C  cells  but  not  in  2fTGH  cells,  suggesting  a  suppressive  function  of  Jakl 
(Fig.  3A). 
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Role  of  NFkB  in  SeV  signaling 

One  of  the  major  transcription  factors  activated  by  viral  infections  is  NFkB.  To 
assess  its  role  in  gene  induction  by  SeV,  we  took  advantage  of  another  mutant  cell  line 
2F-SR.  This  line  was  derived  from  the  2fTGH  line  by  expressing  a  non-phosphorylatable 
mutant  of  IkB,  which  acts  as  a  super-repressor  of  NFkB.  Cytokines,  dsRNA  or  SeV 
cannot  activate  NFkB  in  the  2F-SR  cells  (2,  36,  45).  Of  the  49  genes  induced  by  SeV 
infection  in  2fTGH  cells,  28  of  these  were  not  induced  in  2F-SR  cells.  Thus,  almost  60% 
of  the  induced  genes  were  NFKB-dependent  while  just  over  40%  were  not.  Examples  of 
both  classes  of  genes  are  given  in  Fig.  4A.  Quantitative  assays  again  confirmed  our 
conclusions:  NOXA  and  ISG56  mRNAs  were  induced  equally  well  in  both  cell  lines 
whereas  A20  and  mannose  binding  lectin  2  mRNAs  were  not  induced  in  2F-SR  cells 
(Fig.  4B).  These  results  confirm  the  notion  that  NFkB  is  a  major  transcription  factor 
used  by  SeV  to  induce  cellular  genes. 

Role  of  IRF-3  in  gene  induction  by  SeV 

In  addition  to  NFkB,  another  major  transcription  factor  activated  by  SeV  is  IRF-3. 
To  identify  genes  requiring  IRF-3  for  induction  by  SeV,  we  used  P2.1  cells(24).  These 
cells  were  derived  from  U4C  cells  and  hence  lack  Jakl .  In  addition,  their  IRF-3  level  is 
very  low  and  consequently,  the  IRF-3  signaling  pathway  is  defective  in  these  cells(36). 

As  expected,  we  observed  that  one  set  genes,  30  of  the  42  genes  induced  by  SeV  in  U4C 
cells,  were  induced  well  in  P2.1  cells  and  another  set,  the  remaining  12  genes,  was  not. 
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Examples  of  the  two  sets  of  genes  are  given  in  Fig.  5.  These  results  demonstrated  that 
induction  of  some  genes  by  SeV-infection  required  IRF-3. 

To  further  characterize  this  requirement,  we  used  U4C.2  cells  in  which  IRF-3  was 
overexpressed.  The  only  difference  between  U4C  cells  and  U4C.2  cells  was  in  the  level 
of  IRF-3  expressed  in  the  two  cell  lines.  Forty-five  genes  were  induced  in  U4C.2  cells, 
including  a  group  of  19  genes  that  were  induced  much  better  than  in  U4C  cells  (Fig.  6A). 
An  extreme  example  of  this  group  is  follistatin;  quantitative  assays  confirmed  that  its 
mRNA  was  barely  induced  in  U4C  cells  but  strongly  induced  in  U4C.2  cells  (Fig.  6C). 
Induction  of  another  group  of  mRNAs  was  hardly  affected  by  the  IRF-3  level  (Fig.  6B 
and  6D).  These  results  indicate  that  among  the  IRF-3-dependent  genes,  some,  but  not  all, 
can  be  induced  efficiently  only  when  the  cellular  IRF-3  level  is  high. 

Role  of  IRF-3  in  suppressing  gene  induction  by  SeV-infection 

In  addition  to  the  results  discussed  above,  the  array  analysis  shown  in  Fig.  6 
produced  an  unexpected  result.  We  observed  that  at  least  eight  genes,  or  about  20%  of 
those  strongly  induced  in  U4C,  were  poorly  induced  in  U4C.2  cells,  indicating  that  IRF-3 
was  negatively  affecting  their  expression  (Fig.  6B).  RPA  for  A20  mRNA  confirmed  the 
conclusions  from  the  microarray  analysis  (Fig.  6E). 

To  test  further  the  possibility  that  IRF-3  was  acting  as  a  negative  regulator  of 
SeV-induced  gene  expression,  five  cell  lines,  all  derived  from  the  U4C  line,  expressing 
increasing  levels  of  IRF-3  protein  were  used  (Fig.  7A).  The  cell  lines  were  infected  with 
SeV  and  the  levels  of  the  ISG56  and  A20  mRNAs  measured  by  RPA  before  and  after 
virus  infection.  Actin  mRNA  levels  were  used  for  normalization  of  the  data.  Neither 
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mRNA  was  detectable  in  any  uninfected  cell  line.  ISG56  mRNA  was  barely  induced  in 
P2.1  cells,  which  expressed  the  lowest  level  of  IRF-3,  and  its  induction  levels  increased 
with  increasing  levels  of  IRF-3  expression.  Conversely,  A20  mRNA  was  most  strongly 
induced  in  P2.1  cells  and  very  poorly  induced  in  cells  expressing  high  levels  of  IRF-3 
(Fig.  7B). 

Although  the  above  analysis  validated  our  original  observation,  we  were 
concerned  that  the  phenomenon  might  be  restricted  to  the  U4C  cells  from  which  all  the 
above  lines  were  derived.  Because  the  U4C  cells  lacked  Jakl  and  were  obtained  by 
extensive  mutagenesis  of  2fTGH  cells,  it  remained  possible  that  the  observed  suppressing 
function  of  IRF-3  required  either  the  absence  of  Jak  1  or  the  presence  of  an  unknown 
mutation  in  U4C  cells.  If  that  were  the  case,  our  observation  would  have  restricted 
significance.  To  test  the  generality  of  the  observation,  a  new  cell  line  was  derived  from 
the  Wt  HT1080  cells.  This  line,  1080.10,  expressed  a  much  higher  level  of  IRF-3  as 
compared  to  the  parental  cells  (Fig.  8A).  Confirming  the  results  seen  with  the  U4C 
derivative  lines,  A20  mRNA  was  induced  strongly  upon  SeV  infection  in  HT1080  cells, 
but  only  weakly  in  1080. 10  cells  (Fig.  8B).  The  above  series  of  experiments  allowed  us 
to  conclude  that  the  cellular  abundance  of  IRF-3  can  both  positively  and  negatively 
influence  the  extent  of  induction  of  specific  cellular  genes  in  response  to  infection  by 
SeV. 
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Discussion 


In  this  study,  we  focused  our  attention  on  identifying  the  signaling  pathways 
responsible  for  inducing  specific  sets  of  cellular  genes  early  after  SeV  infection.  The 
cDNA  microarray  screening  used  was  convenient  for  profiling  the  expression  of  a  large 
number  of  genes  simultaneously,  but  to  ensure  reliability  we  had  to  perform  multiple 
repeats  of  the  same  screen  and  accept  an  arbitrary  cut-off  of  at  least  two-fold  change  as 
significant.  Consequently,  our  calculations  of  the  number  of  genes  induced  in  different 
cell  lines  are  likely  underestimates.  The  overall  gene  induction  patterns  in  different  SeV- 
infected  cell  lines  are  summarized  in  Table  2.  This  Table  includes  only  the  genes  whose 
expression  was  induced  by  at  least  2-fold  in  wt  2fTGH  cells.  Following  classification  of 
different  induced  genes  into  distinct  groups,  representative  members  were  selected  for 
further  analysis  using  more  Northern  blotting  or  RNase-protection  assays.  The  choice  of 
these  sentinel  genes  was  dictated  by  their  degree  of  inducibility  and  their  abundance, 
because  we  could  make  much  more  reliable  conclusions  for  genes  that  were  highly 
induced  and  the  corresponding  mRNA  levels  were  easily  measurable. 

Other  groups  have  previously  sought  to  profile  some  of  the  genes  induced  by 
SeV.  Strahle  et  al.  employed  SeV  mutants  to  profile  the  effects  of  viral  proteins  on  the 
induction  of  cellular  genes  in  virus  infected  cells  (40),  and  Matikainen  et  al.  looked  at 
chemokine  induction  by  SeV  (30).  In  the  current  study  we  see  induction  by  SeV  of  many 
of  the  same  genes  previously  identified,  including  IL-8,  IP- 10  and  class  I  MHC  genes. 
Further,  we  have  been  able  to  characterize  the  signaling  pathways  involved  in  the 
induction  of  not  only  these  genes,  but  numerous  other  genes  not  formerly  known  to  be 
induced  by  SeV. 
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Given  the  parameters  of  our  experiment,  there  did  not  appear  to  be  a  role  for 
TLR3  in  gene  induction  by  SeV.  The  paramyxovirus  replication  cycle  takes  upwards  of 
10  hours,  so  it  remains  possible  that  at  later  times  after  virus  infection  TLR3-signaling  is 
used  by  viral  dsRNA  tor  induction  of  the  dsRNA-inducible  genes  that  were  not  induced 
by  SeV  at  6h  (Fig.  2)  (23).  Since  some  genes  induced  by  dsRNA  and  SeV  were  common, 
it  is  also  possible  that  the  virus  used  intracellular  viral  dsRNA  to  induce  them,  and  TLR3 
was  required  tor  exogenous  dsRNA,  but  not  for  SeV,  because  it  mediates  efficient  uptake 
of  dsRNA.  Although  our  data  showed  that  TLR3  was  not  required  for  gene  induction 
early  after  SeV  infection,  viral  dsRNA  could  have  used  other  cellular  sensors  of  dsRNA. 
PKR  and  RIG-I  are  two  such  intracellular  dsRNA-receptors  that  have  recently  been 
shown  to  mediate  dsRNA-signaling(l  1,  46).  The  apparent  irrelevance  of  TLR3  in  gene 
induction  by  SeV  is  supported  by  the  fact  that  TLR3  -/-  mice  are  not  deficient  in  clearing 
infections  with  other  ssRNA  viruses  in  vivo  (12).  Further,  vesicular  stomatitis  virus 
(VSV),  another  single-stranded  RNA  virus  has  also  been  shown  to  activate  downstream 
signaling  factors  independent  of  TLR3  in  TLR3-deficent  MEFs  (42).  It  is  highly  unlikely 
that  viral  single-stranded  RNA  was  the  gene  inducer  in  our  experiments  because  293  cells 
do  not  respond  to  ssRNA  without  expression  of  exogenous  TLR7  or  TLR8,  the  human 
TLRs  that  sense  ssRNA  (19, 26). 

Our  investigation  of  the  role  of  IFN  and  the  corresponding  signaling  pathway  in 
gene  induction  by  SeV  produced  both  anticipated  and  unanticipated  results.  In  U4C 
cells,  lacking  functional  Jakl,  we  observed  that  some  genes  were  not  induced,  as 
compared  to  Wt  cells.  This  result  was  expected  because  some  genes  might  be  induced  by 
the  autocrine  action  of  IFN  induced  by  SeV-infection.  Many  genes  of  this  class,  such  as 
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0AS2  and  MHC  class  I  genes,  are  known  IFN-stimulatcd  genes  (Fig.  3).  Further,  our 
findings  with  SeV  correspond  with  those  observed  in  Newcastle  Disease  virus  infected 
cells,  where  type  I IFN  signaling  was  required  for  OAS  induction  (33).  However,  other 
genes  of  the  same  family,  such  as  ISG56  and  ISG54,  were  induced  even  in  U4C  cells 
confirming  previous  observations  by  us  and  others  that  these  genes  are  directly  induced 
upon  infection  with  many  viruses  (18,  34).  The  fact  that  these  genes  were  induced  in 
infected  cells  independent  of  autocrine  IFN  signaling,  is  not  unexpected,  because  IRF-3, 
which  is  activated  in  the  infected  cells,  can  induce  these  genes  directly.  The  surprising 
observation  was  that  a  cohort  of  genes  was  induced  only  in  U4C  cells,  indicating  that 
Jakl  or  IFN-signaling  somehow  negatively  regulates  the  expression  of  these  genes  in  Wt 
cells.  The  implications  and  the  mechanism  of  this  regulation  need  to  be  further  explored 
in  the  future.  To  distinguish  between  the  needs  for  IFN-signaling  and  other  putative 
functions  of  Jakl,  we  also  analyzed  the  gene  induction  profiles  in  SeV-infected  U2A  cells 
and  U3A  cells  (data  not  shown),  which  arc  also  defective  in  IFN  signaling  because  they 
lack  functional  IRF-9  and  STAT1,  respectively.  The  MHC  class  I,  which  were  not 
induced  by  SeV  in  U4C  cells  were  not  induced  in  U2A  and  U3A  cells  either,  indicating 
that  IFN-signaling  was  needed  for  their  induction.  In  contrast,  the  Jakl -repressed  genes 
(Fig.  3),  although  induced  in  U4C  cells,  were  not  induced  in  U2A  and  U3A  cells  (data 
not  shown)  suggesting  that  it  is  the  absence  of  Jakl  or  another  mutation  specific  to  the 
cell  line,  and  not  the  loss  of  IFN  signaling  that  lead  to  SeV-mediated  induction  of  this 
class  of  genes  in  U4C  cells.  These  results  indicate  that  autocrine  IFN  signaling  and  Jakl 
per  se  can  influence  the  pattern  of  cellular  gene-induction  by  SeV-infection. 
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For  assessing  the  relative  contributions  of  NFkB  and  IRF-3,  two  major 
transcription  factors  activated  by  ScV-infection  we  took  advantage  of  other  mutant  lines 
generated  by  us  and  our  colleagues.  The  2F-SR  line  was  derived  from  2fTGH  cells  by 
overexpressing  a  dominant  negative  inactivatable  mutant  of  IkB.  NFkB  cannot  be 
activated  by  IL-1,  TNF-a,  dsRNA,  or  SeV  infection  in  these  cells,  as  judged  by 
electrophoretic  mobility  shift  assays  (36).  Consequently,  these  cells  are  functionally 
NFicB-null  cells.  As  expected,  we  observed  that  many  genes  could  not  be  induced  by 
SeV  in  the  absence  of  NFkB  signaling  (Fig.  4).  Some  of  these  genes,  such  as  IKKa, 
NFkB  pi 05,  and  A20,  encode  proteins  that  are  involved  in  the  NFkB  signaling  pathway 
itself.  Similarly,  another  set  of  genes  was  completely  dependent  on  IRF-3  (Fig.  5).  For 
identifying  them,  we  used  p2.1  cells,  derived  for  U4C,  which  express  little  IRF-3  (36). 
Many  of  these  genes  fall  in  the  category  of  viral-stress  inducible  genes,  or  VSIGs  (37) 
because  they  can  be  independently  induced  by  IFN,  dsRNA,  or  virus  infection.  Although 
the  same  cis-elcment,  ISRE,  present  in  their  promoter  is  responsible  for  their  induction  by 
the  three  agents,  different  trans-acting  factors  mediate  the  process.  Infection  of  these 
genes  by  IFNs  is  mediated  by  ISGF3,  a  trimeric  complex  of  IRF-9,  STAT1,  and  STAT2. 
Induction  by  dsRNA  and  viruses,  on  the  other  hand,  is  mediated  by  activated  IRF-3, 
which  also  binds  to  ISRE.  However,  the  signaling  pathways,  triggered  by  dsRNA  and 
viruses,  that  lead  to  IRF-3  activation  overlap  only  partially  (39).  Thus  it  appears  that 
VSIGs  can  be  induced  by  multiple  inducers  using  multiple  signaling  pathways.  There 
were  also  genes,  that  were  induced  when  either  the  NFkB  pathway  or  the  IRF-3  pathway 
were  inoperative  (Figs.  4  and  5).  These  genes  probably  get  induced  through  other 
transcription  factors  activated  by  virus  infection. 
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One  such  NFkB  and  IRF-3-independent  gene  is  NOXA.  NOXA,  also  known  as 
PMAIP1,  originally  discovered  as  a  mediator  of  p53-induced  apoptosis  (35),  has  been 
shown  to  be  induced  by  a  constitutively  active  IRF-3  mutant  (IRF-3  5D)  (16, 21). 
However  in  the  context  of  induction  by  SeV,  IRF-3  does  not  appear  to  play  an  important 
role  in  NOXA  induction  (Fig.  5  and  6  B,  D).  In  the  absence  of  STAT1,  NOXA  induction 
through  the  p53  response  element  in  its  promoter  is  impaired  (44);  likewise  SeV  fails  to 
induce  NOXA  in  STAT1  U3A  cells  (data  not  shown).  This  finding  suggests  that  SeV 
may  induce  a  subset  of  genes  through  the  IRF-3-,  NFkB-,  and  IFN-independent 
activation  of  STAT1  or  p53.  It  also  raises  the  possibility  that  the  constitutively  active 
IRF-3  5D  mutant  and  virally  activated  IRF-3  do  not  induce  equivalent  sets  of  genes. 
Active  SeV  infection  causes  additional  phosphorylation  of  IRF-3  beyond  that  required  for 
the  IRF-3  mediated  induction  of  ISG56  (8).  These  additional  modifications  to  IRF-3 
might  very  well  impair  its  ability  to  mediate  the  induction  of  other  genes,  such  as  NOXA. 

Further  explorations  of  the  role  of  IRF-3  in  gene  induction  by  SeV  produced 
interesting  results.  Using  two  related  cell  lines  that  expressed  different  levels  of  IRF-3, 
we  could  demonstrate  that  although  some  genes  were  induced  equally  well  in  both,  others 
were  induced  better  in  U4C.2  cells  which  expressed  a  higher  level  of  IRF-3  (Fig.  6A). 
Thus,  it  seems  that  at  least  in  the  2ITGH  cell  lineage,  IRF-3  expression  is  the  limiting 
factor  and  the  degree  of  gene  induction  can  be  modulated  easily  by  changing  the  cellular 
concentration  of  IRF-3.  The  above  conclusion  was  confirmed  by  a  more  quantitative 
assay  using  a  series  of  cell  lines  expressing  increasing  amounts  of  IRF-3  (Fig.  7).  Similar 
results  were  obtained  with  the  same  cell  lines  when  the  inducer  was  dsRNA,  not  SeV 
(36).  Among  the  genes  induced  by  SeV  in  U4C.2  cells  were  the  MHC  genes  which  were 


19 


not  induced  in  U4C  cells,  but  induced  in  2fTGH  cells  (Figs.  3  and  6).  Thus,  a  high  level 
of  IRF-3  could  mediate  SeV-induction  of  genes  which  otherwise  required  IFN-signaling. 
Other  genes,  such  as  Follistatin,  were  induced  by  SeV  very  strongly  in  U4C.2  cells, 
whereas  the  induction  was  minimal  in  U4C  or  2fTGH  cells  (Fig.  6A,  6C). 

The  most  surprising  observation  was  that  a  higher  level  of  IRF-3  expression 
negatively  affected  the  degree  of  induction  of  some  genes  (Fig.  6B,  6E).  Using  the  A20 
gene  as  the  sentinel  for  this  group  of  genes,  we  could  demonstrate  that  unlike  induction  of 
the  ISG56  gene,  induction  of  A20  mRNA  was  inversely  related  to  the  level  of  IRF-3  (Fig. 
7).  This  phenomenon  was  not  restricted  to  the  U4C  cells  and  its  derivatives;  the  same 
trend  was  also  observed  in  Wt  HT1080  cells  by  overexpressing  IRF-3  (Fig.  8).  It  is  not 
clear  how  IRF-3  affects  A20  gene  induction  by  SeV.  The  promoter  of  this  gene  contains 
kB  sites  (22),  but  no  consensus  ISRE  and,  as  expected,  its  induction  required  NFkB  (Fig. 
4)  but  not  IRF-3  (Fig.  5).  Thus,  the  observed  negative  effect  of  IRF-3  is  probably  not 
exerted  through  its  direct  interaction  with  the  A20  promoter.  Further  investigation  should 
reveal  the  nature  of  the  cross-talk  between  the  two  major  virus-activated  signaling 
pathways. 

What  are  the  possible  physiological  implications  of  the  above  phenomenon?  SeV 
and  other  viruses  cause  active  and  rapid  degradation  of  IRF-3  in  infected  cells  (27). 
Consequently,  the  degree  of  induction  of  genes,  such  as  A20,  can  be  temporally  regulated 
in  the  infected  cells.  Moreover,  the  level  of  IRF-3  expression  varies  greatly  among 
different  cell  types  and  different  tissues  (data  not  shown).  From  the  observations 
reported  here  one  can  predict  that  the  profiles  of  gene  induction,  and  hence  the  outcome 
of  virus  infection,  will  also  vary  greatly  among  different  host  cells.  A20  is  required  for 
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attenuation  of  NFkB  activity  induced  both  through  TNFa  (25)  and  Toll-like  receptors 
(4).  Consequently,  cells  expressing  high  levels  of  IRF-3  would  have  to  sustained  NFkB 
and  IRF-3  responses  due  to  their  inability  to  make  A20.  To  further  speculate  about  the 
possible  cellular  functions  of  the  genes  that  arc  negatively  regulated  by  IRF-3,  it  is 
interesting  to  note  that  several,  such  as  A20,  CIAP1  and  CIAP2,  have  anti-apoptotic 
functions.  The  encoded  proteins  may  protect  the  infected  cells  from  the  actions  of  the 
pro-apoptotic  proteins  that  are  also  induced  with  virus-infection.  It  has  been  reported  that 
apoptosis  of  SeV-infccted  cells  is  mediated  by  IRF-3  (20).  Our  results  suggest  that  this 
function  of  IRF-3  may  be  mediated  not  only  by  inducing  pro-apoptotic  genes,  but  also  by 
suppressing  the  induction  of  anti-apoptotic  genes. 
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Figure  legends 


Fig.  1.  Effect  of  TLR3  on  the  regulation  of  cellular  genes  by  SeV  and  dsRNA. 

Global  changes  in  mRNA  levels  in  293  cells  (A,  C)  or  293  cells  expressing  TLR3  (B,  D) 
six  hours  after  SeV  infection  at  1HAU/4.0x103  cells  (A,  B)  or  dsRNA  treatment  at 
lOOpg/ml  (C,  D)  as  determined  by  cDNA  microarray  experiment.  Each  point  on  the 
scatter  plots  represents  the  expression  of  an  individual  mRNA  message,  as  determined  by 
units  of  fluorescent  intensity,  in  untreated  cells  (x-axis)  plotted  against  its  expression  six 
hours  after  SeV  infection  or  dsRNA  treatment  (y-axis).  The  central  diagonal  line  (black) 
represents  equal  expression  in  treated  and  untreated  samples,  while  two-fold  differences 
in  expression  are  indicated  by  the  two  flanking  blue  lines.  (E)  Regulation  of  specific 
genes  by  dsRNA  and  SeV  in  293(-)  and  293/TLR3  (+)  cells.  The  tiles  show  the  fold- 
increase  in  mRNA  expression  for  specific  genes  in  SeV-  or  dsRNA-treated  cells  relative 
to  untreated  cells  as  a  function  of  color.  Green,  expression  was  unchanged. 

Yellow->Red,  expression  was  induced  to  increasing  degrees.  (F)  RNase  protection  assay 
(RPA)  of  ISG56  induction  in  untreated  (1,4),  dsRNA  treated  (2,  5),  or  SeV-infected  (3, 

6)  293  cells  (lanes  1-3)  or  293/TLR3  cells  (lanes  4-6). 

Fig.  2.  Differential  induction  of  genes  by  SeV  and  dsRNA.  Select  genes  differentially 
regulated  by  SeV  and  dsRNA  in  293  cells  expressing  (+)  or  not  expressing  (-)  TLR3. 
Colors  represent  fold-induction  by  SeV  (left  column)  or  dsRNA  (right  column)  as 
described  in  Fig.  1. 
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Fig.  3.  IFN  dependent  regulation  of  SeV-induced  genes.  Select  SeV-regulated  genes 
displaying  differential  induction  patterns  in  Wt  (2fTGH)  and  Jaklv'  (U4C)  cells.  (A) 
Microarray  data  showing  average  fold-increase  in  mRNA  expression  six  hours  after  SeV 
infection  in  2fTGH  and  U4C  cells.  Genes  arc  grouped  based  on  their  independence, 
dependence,  or  impairment  by  Jakl  for  induction.  (B)  RPA  (A20)  and  Northern  (O AS, 
p69)  analysis  of  mRNA  expression  in  2fTGH  and  U4C  cells,  before  or  six  hours  after 
SeV  infection. 

Fig.  4.  Requirement  of  NFkB  for  gene  induction  by  SeV.  Genes  regulated  by  SeV  in 
Wt  (2fTGH)  and  NFkB  null  (2F-SR)  cells.  (A)  Average  fold-induction  of  SeV-regulated 
genes,  grouped  by  dependence  on  NFkB,  as  determined  by  microarray.  (B)  Quantitative 
analysis  of  NOXA,  ISG56  and  A20  mRNA  induction  by  RPA. 

Fig.  5.  IRF-3  dependent  gene  induction.  Examples  of  genes  regulated  by  SeV  in  U4C 
cells  and  p2.1  cells  in  which  IRF-3  expression  is  impaired.  Genes  are  grouped  by  their 
dependence  on  IRF-3  for  induction. 


Fig.  6.  Regulation  of  SeV-induced  genes  by  IRF-3.  Altered  expression  of  SeV- 
regulated  genes  in  U4C  cells  and  U4C.2  cells,  which  expressing  high  levels  of  IRF-3. 
(A,  B)  Microarray  data  for  the  fold-induction  of  select  SeV-regulated  genes  in  U4C  and 
U4C.2  cells.  Genes  arc  grouped  as  follows:  IRF-3  enhanced,  genes  with  augmented 
expression  in  IRF-3  overexpressing  cells  (induced  more  strongly  in  U4C.2);  IRF-3 
neutral,  genes  unaffected  by  cellular  IRF-3  levels  (induced  at  equivalent  levels  in  both 
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cell  lines);  IRF-3  repressed,  SeV-induced  genes  negatively  regulated  by  IRF-3  (induced 
in  U4C,  but  not  U4C.2  cells).  Quantitative  RPA  analysis  of  (C)  Follistatin,  (D)  NOXA, 
and  (E)  A20  mRNA  induction  in  U4C  and  U4C.2  cells  before  or  after  SeV  infection. 

Fig.  7.  Modulation  of  A20  mRNA  and  ISG56  mRNA  expression  by  cellular  levels  of 
IRF-3.  Cell  lines,  derived  from  U4C  and  p2. 1  cells,  expressing  different  levels  of  IRF-3 
protein  were  infected  with  SeV  and  analyzed  for  their  expression  of  A20  mRNA  and 
ISG56  mRNA.  (A)  Western  blot  showing  the  relative  levels  of  IRF-3  expression  in  the 
different  cell  lines  relative  to  actin.  (B)  Percent  maximum  fold-induction  of  A20  mRNA 
(white)  and  ISG56  mRNA  (black)  in  cells  six  hours  after  infection,  normalized  to  actin 
mRNA  expression  as  determined  by  RPA. 

Fig.  8.  Negative  regulation  of  SeV-induced  A20  mRNA  expression  by  IRF-3  not  in 
Wt  cells.  (A)  Western  analysis  of  IRF-3  expression  in  HT1080  and  1080.10  cells.  (B) 
RPA  comparing  A20  mRNA  induction  in  untreated  (-)  or  SeV-infected  (+)  HT1080  and 
1080.10  cells. 
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TABLE  1.  Mutant  cell  lines  used 


Cell  Line 

Lineage 

Relevant  altered  protein 

Affected  pathway(s) 

HEK293 

None 

TLR3  non-responsive 

293/TLR3 

HEK293 

TLR3 

TLR3  responsive 

2fTGH 

HT1080 

None 

None 

2F-SR 

2fTGH 

IkB 

NFkB  signaling 

1080.10 

HT1080 

Increased  IRF-3 

IRF-3  signaling 

U4C 

2fTGH 

Jakl 

IFN  signaling 

U4C.2 

U4C 

Increased  IRF-3 

IRF-3,  IFN  signaling 

P2.1 

U4C 

Decreased  IRF-3 

IRF-3,  IFN  signaling 

P2.1.6 

P2.1 

Increased  IRF-3 

IRF-3,  IFN  signaling 

P2.1.17 

P2.1 

Increased  IRF-3 

IRF-3,  IFN  signaling 

TABLE  2.  Genes  induced  or  repressed  by  SeV  infection  in  various  cell  lines'1 

Encoded  Proteins 

Unigenc  ID 

Symbol 

2fTGH 

U4C 

2F-SR 

p2.1 

U4C.2 

2'-5'-oligoadenyiate  synthetase  2  (69-71  kD) 

Hs.4 14332 

OAS2 

I 

U 

U 

R 

u 

Activating  transcription  factor  3 

Hs.460 

ATF3 

I 

I 

u 

I 

I 

Apoptosis  Inhibitor  1 

Hs.75263 

cIAPl 

I 

I 

u 

I 

u 

Apoptosis  Inhibitor  2 

Hs.  127799 

C1AP2 

I 

I 

u 

u 

u 

Bcl-2  binding  component  3 

Hs.87246 

BBC3  (PUMA) 

I 

I 

u 

u 

I 

Chemokine  (C-X-C  motif)  ligand  10 

Hs.2248 

IP  10  (CXCL10) 

I 

I 

u 

I 

I 

Colony  stimulating  factor  1  (macrophage) 

Hs.  173894 

CSF1 

I 

I 

u 

I 

I 

Fibroblast  growth  factor  2  (basic) 

Hs.284244 

FGF2 

I 

u 

I 

u 

u 

Fucosyltransferase  2 

Hs.292999 

FUT2 

I 

I 

I 

I 

I 

General  transcription  factor  IIF,  polypeptide  1 

Hs.68257 

GTF2FI 

1 

u 

u 

u 

u 

GTP  cyclohydrolase  1  (dopa-responsive  dystonia) 

Hs.86724 

GCH1 

I 

u 

u 

u 

u 

IFN-induced  protein  with  tetratricopeptide  repeats  1 

Hs.20315 

ISG56 

I 

I 

I 

u 

I 

IFN-induced  protein  with  tetratricopeptide  repeats  2 

Hs.293797 

ISG54 

I 

I 

I 

u 

I 

IFN-induced  protein  with  tetratricopeptide  repeats  4 

Hs.  181 874 

ISG60 

I 

u 

u 

u 

u 

Inhibin,  beta  A  (activin  A,  activin  AB  alpha  polypeptide) 

Hs.727 

INHBA 

I 

I 

u 

u 

u 

Inhibitor  of  kappa  B,  alpha 

Hs.81328 

iKBa 

I 

I 

u 

I 

I 

Interferon  regulatory  factor  1 

Hs.80645 

IRF-1 

I 

I 

u 

u 

u 

Interferon  regulatory  factor  2 

Hs.83795 

IRF-2 

I 

u 

u 

u 

u 

Interferon,  alpha-inducible  protein  (clone  IFI-15K) 

Hs.833 

ISG15 

I 

I 

I 

u 

I 

Interleukin  6 

Hs.93913 

IL-6 

I 

1 

u 

u 

I 

Interleukin  8 

Hs.624 

IL-8 

I 

I 

u 

I 

I 

Jun  B  proto-oncogene 

Hs.515157 

JUNB 

I 

I 

u 

I 

u 

Macrophage  Inflammatory  Protein  1,  alpha 

Hs.73817 

MIPla(CCL3) 

I 

I 

u 

I 

I 

Mannose-binding  lectin  (protein  C)  2 

Hs.2314 

MBL2 

I 

I 

R 

I 

I 

MHC,  class  I,  A 

Hs.  18 1244 

HLA-A 

I 

u 

I 

u 

I 

MHC,  class  I,  C 

Hs.277477 

HLA-C 

I 

u 

u 

I 

I 

MHC,  class  I,  F 

Hs.  110309 

HLA-F 

I 

u 

u 

u 

I 

MHC,  class  I,  G 

Hs.73885 

HLA-G 

I 

u 

u 

u 

I 

Monocyte  Chemotactic  Protein  1 

Hs.303649 

MCP1  (CCL2) 

I 

u 

u 

u 

u 

Natural  killer  cell  transcript  4 

Hs.943 

NK4 

I 

u 

u 

u 

1 

Nexin,  plasminogen  activator  inhibitor  type  1 

Hs.82085 

PAI1  (SERPINE1) 

I 

I 

I 

I 

I 

NFkB  p  1 05 

Hs.83428 

NFkBI 

I 

I 

u 

I 

I 

Nuclear  factor  (erythroid-derived  2)-iike  3 

Hs.22900 

NFE2L3  (NRF3) 

1 

I 

u 

I 

u 

Nucleoside  phosphorylase 

Hs.75514 

NP 

I 

u 

I 

u 

I 

Phorbol- 1 2-Myristate- 1 3 -Acetate-Induced  Protein  1 

Hs.96 

NOXA  (PMAIP1) 

I 

I 

I 

1 

I 

Protein  tyrosine  phosphatase,  non-receptor  type  1 1 

Hs.83572 

PTPN11  (SHP2) 

I 

I 

u 

u 

I 

Protein  tyrosine  phosphatase,  receptor  type.  Kappa 

Hs.79005 

PTPRK 

I 

u 

u 

u 

u 

Short  stature  homeobox 

Hs.  105932 

SHOX 

I 

u 

u 

u 

I 

Similar  to  S.  cerevisiae  SSM4 

Hs.380875 

TEB4 

I 

I 

I 

I 

u 

Stanniocalcin 

Hs.25590 

STC1 

I 

I 

I 

u 

u 

Syndecan  4  (amphiglycan,  ryudocan) 

Hs.252189 

SDC4 

I 

I 

u 

I 

I 

Tight  junction  protein  2  (zona  occludens  2) 

Hs.75608 

TJP2 

I 

I 

I 

I 

I 

TNF  receptor-associated  factor  1 

Hs.2134 

TRAF1 

I 

I 

R 

u 

u 

Transcription  factor  AP-2  gamma 

Hs.61796 

ERF1  (TFAP2C) 

I 

u 

u 

I 

u 

Tumor  necrosis  factor,  alpha-induced  protein  3 

Hs.2 11600 

TNFAIP3  (A20) 

I 

I 

u 

I 

I 

UDP-N-acetyl-alpha-D-galactosamine:polypeptide  N- 

acetylgalactosaminyltransferase  2 

Hs.130181 

GALNT2 

I 

u 

I 

u 

u 

Vascular  endothelial  growth  factor  C 

Hs.79141 

VEGFC 

I 

I 

I 

u 

u 

Viperin 

Hs.17518 

CIG5 

I 

u 

I 

u 

I 

Zinc  finger  CCCH  type,  antiviral  1 

Hs.35254 

ZC3HAV1 

I 

I 

I 

u 

u 

T  denotes  induced,  'U'  denotes  unchanged,  'R'  denotes  repressed. 


protein-tyrosine  phosphatase,  N 1 1 
CD44  antigen 
Mannose-binding  lectin  2 
Activating  transcription  factor  3 
Tissue  factor  pathway  inhibitor  2 

Alpha- 1  antiproteinase 
Nuclear  factor  erythriod  2-like  3 
Nuclear  Domain  10  Protein  52 
Vascular  Endothelial  GT.  C 


dsRNA 


Syndecan  4 
NFkB  pi 05 


|2‘-5’  OAS,  p69 
.  MHC,  class  I,  F 
|mHC,  class  I,  A 
|mHC,  class  I,  C 

;mcpi 

PI-3K,  gamma 
Complement  component  2 
Kallmann  Syndrome  I 


(A) 


10 


5.0 


1.5 


1.0 


2.0 


(B) 


2fTGH 
-  + 


2F-SR 

+ 


NOXA 

ISG56 


mRNA 


A20 


IkB,  alpha 
NOXA 


p2.1  U4C  p2. 1 .6  U4C.2  p2.1.17 


Cell  Lines 


(A) 

(B) 


IRF-3 
Actin 

+  -  +  SeV 


HT1080  1080.10 


A20 

mRNA 


Actin 

mRNA 


HT1080 


1080.10 


